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EXECUTIVE  SUMMARY 


The  Federal  Aviation  Administration  contracted  with  the  firm 
of  E.  A.  Hickok  and  Associates  to  perform  the  National  Runway 
Friction  Measurement  Program  as  described  in  Contract  No. 
DOT-FA78WA-4242  dated  September  29,  1978.  The  program  included 
runway  friction  measurements  and  evaluation  of  pavement  surface 
conditions  on  491  runways  at  268  airports  that  have  at  least  one 
ILS  runway  serving  scheduled  turbo-jet  operations  throughout  the 
48  contiguous  United  States.  The  data  were  used  to  develop 
guidance  materials  to  help  insure  the  design  and  maintenance  of 
nonslippery  surfaces  at  United  States  airports. 

The  program  consisted  of  two  phases.  The  specific  purposes 
of  Phase  I  were  to  develop  survey  procedures  and  evaluate  the 
performance  of  t.._  specified  equipment.  The  results  of  Phase  I 
are  contained  in  the  National  Runway  Friction  Measurement  Program 
Phase  I  Summary  Report,  dated  June  26,  1979. 

The  primary  purpose  of  the  data  gathering  process  was  the 
collection  of  pavement  surface  friction  measurements.  Friction 
measurements  were  performed  with  Mu-Meters  equipped  with 
self-watering  systems.  The  Mu-Meter  evaluates  the  side-force 
friction  between  measuring  tires  and  pavement  surface. 

Measurements  were  made  with  a  controlled  water  depth  of  1.0 
millimeter  (0.04  inches)  at  40  miles  per  hour.  The  friction  is 
reported  as  wet  Mu  value,  which  has  a  theoretical  range  from 
1  to  100.  Other  field  procedures  included  a  pavement  condition 
survey  and  an  engineering  data  inventory  for  each  runway.  Six 
survey  teams  accomplished  the  data  collection. 

Quality  control  was  essential  to  the  data  collection  process. 
Each  survey  team  evaluated  the  collected  data  in  the  field.  Data 
anomalies  were  investigated  and  retesting  was  performed  if 
necessary.  Portable  computer  terminals  were  used  for  field  data 
entry  so  that  survey  results  were  immediately  available  to  the 
contractor's  home  office  and  the  FAA  project  office.  Accuracy  of 
data  transfer  was  constantly  evaluated  at  the  home  office.  Senior 
personnel  performed  field  quality  control  to  assure  consistency  in 
data  collection  procedures. 

After  each  testing,  a  brief  Airport  Survev  Report  was  produced 
to  provide  rapid  feedback  to  airport  management.  At  the 
conclusion  of  all  field  work,  an  engineering  evaluation  was 
performed  on  the  data  as  a  whole  using  statistical  and  analytical 
techniques . 

The  data  analysis  required  a  computerized  data  base  and  was 
performed  with  a  nationally  vended  computerized  statistical 
package.  The  primary  methods  employed  were  multiple  regression 
and  correlation.  Residual  analysis  was  employed  in  reviewing  the 
outcome  of  regression  runs  and  led  to  identification  of  unique 
circumstances,  thereby  allowing  verification  of  the  data  prior  to 
drawing  general  conclusions. 
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For  the  engineering  evaluation,  surface  friction  and  other 
pavement  surface  conditions  were  averaged  over  500-foot  long 
runway  segments.  Including  all  runways  and  test  dates,  the  data 
base  contained  over  42,000  such  segments.  Statistical  analysis 
was  confined  to  some  29,000  uniform  segments.  Of  the  491  runways 
tested,  122  (24.8%)  had  wet  Mu  values  less  than  50  on  at  least  one 
500-foot  segment  on  their  final  test.  However,  only  1900  (4.5%) 
of  the  42,000  segments  had  wet  Mu  values  less  than  50.  Of  the  122 
runways  with  low  segments,  64  runways  (52.5%)  had  wet  Mu  values 
less  than  50  for  less  than  1000  feet. 

Other  data  analyzed  included  some  5,630  spot  measurements  of 
texture  depth  and  data  obtained  from  airport  management  on  runway 
usage,  construction  and  rubber  removal.  Runway  friction  was 
evaluated  in  relation  to  pavement  type,  texture  depth,  grooving, 
rubber  accumulation,  aircraft  landings  and  rubber  removal. 

The  primary  conclusions  reached  by  the  engineering  evaluation 
are  listed  below: 

1.  Rubber  accumulation  on  runway  pavements  profoundly 
affects  surface  friction.  These  effects  have  been  quantified  for 
various  pavement  types  and  range  from  1.6  to  6.9  wet  Mu  value 
decrease  per  unit  increase  in  rubber  accumulation  rating. 

2.  Rubber  removal  improves  runway  surface  friction 
characteristics . 

3.  Saw-cut  grooving  improves  runway  surface  friction.  The 
friction  enhancement  due  to  grooving  is  greater  in  areas  of  rubber 
accumulation  than  in  uncontaminated  areas  for  most  pavement  types. 

4.  For  low-use  runways,  a  reasonable  basis  for  comparing  and 
ranking  the  surface  friction  characteristics  of  various  pavement 
types  is  provided  by  mean  wet  Mu  values  for  uncontaminated  areas. 
(See  Table  4  and  Figure  9,  pp.  17  and  18.) 

5.  For  high-use  runways,  guidelines  have  been  developed  for 
rubber  removal  frequency  dependent  on  pavement  type  and  annual 
landings.  (See  Figure  19,  p.  38.)  These  guidelines  can  be  used 
in  projecting  and  comparing  annual  costs  of  runway  construction, 
resurfacing  or  pavement  treatment  alternatives,  as  well  as  in 
guiding  maintenance  of  existing  runways. 

6.  The  Airport  Survey  Reports  produced  for  each  of  the  268 
airports  after  each  testing  provided  timely  input  for  airport 
maintenance  purposes. 

7.  The  purpose  and  objectives  of  the  National  Runway 
Friction  Measurement  Program  were  achieved.  Mu-Meter  measurements 
and  Pavement  Condition  Survey  data  obtained  in  this  program  have 
yielded  a  rational  and  useful  analysis  of  runway  friction. 

8.  The  Mu-Meter  is  a  rapid  and  effective  device  for 
measuring  surface  friction  when  operated  in  accordance  with  the 
manufacturer's  instructions. 
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9.  A  Mu  value  of  50  or  greater  has  long  been  generally 
accepted  as  providing  adequate  runway  friction  under  most 
operating  conditions.  This  program  did  not  disclose  data  to 
support  any  other  value.  It  must  be  understood  that  as  friction 
decreases  the  relative  safety  decreases,  but  it  is  gradual  and 
time-related,  that  is,  when  the  Mu  value  decreases  from  50  to  49 
the  pavement  does  not  go  from  totally  adequate  to  totally 
inadequate. 

The  following  are  selected  recommendations  resulting  from  the 
program: 

1.  Pavement  types  having  high  surface  friction,  as  identified 
in  Fiqure  9,  should  be  considered  in  the  planning  and  design  of 
new  runway  surfaces,  particularly  for  low-use  runways. 

2.  The  guidelines  for  rubber  removal  frequency,  as  contained 
in  Figure  19,  should  be  used  in  planning  and  design  of  new  runway 
surfaces  and  as  a  maintenance  guideline,  for  high-use  runways. 
Specific  scheduling  of  rubber  removal  for  an  existing  runway 
should  ultimately  be  based  on  diret  t  observation  of  rubber 
accumulation  and  measurement  of  surface  friction. 

3.  The  rating  system  used  in  this  program  for  rubber 
accumulation  should  be  formalized  and  promulgated  for  use  by 
airport  maintenance  personnel. 

Additional  conclusions  and  recommendations  may  be  found  on 
pages  49-52. 

The  draft  final  report  was  reviewed  by  representatives  of 
various  segments  of  the  aviation  community.  The  comments  from 
this  group  were  incorporated  to  the  extent  possible.  As  might  be 
expected,  due  to  the  diverse  interest  of  this  group,  there  was  not 
unanimity  on  all  matters  on  which  comments  were  received. 
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:.i.  OBJECTIVES 

Trie  Federal  Aviation  Administration  contracted  with  the  firn 
ot  v. .  A.  Hickok  ana  Associates  to  perform  the  National  Runway 
Friction  Measurement  Prograni  as  described  in  Contract  Nc . 
DOT-FA78WA-4242  dated  September  29,  1978. 

The  purpose  of  the  program  was  tc  provide  a  data  base  and  sta¬ 
tistical.  analysis  to  assist  the  Federal  Aviation  Administration  in 
evaluating  tne  engineering  criteria  in  Advisory  Circular 
150  '3320-12,  and  to  develop  furtner  guidance  mate: ia^s  to  insure 
the  design  and  maintenance  of  non-sl ippery  pavement  surfaces  at 
United  States  airports.  The  specific  objectives  of  the  program 
were  to: 


1.  Update,  expand  and  disseminate  improved  guidance  materia 
contained  in  Advisory  Circular  150/5320-12  or,  runway  friction  ami 
related  airport  safety  items. 

2.  Provide  airport  managers  with  timely  input  for  fisca 
programs . 


3.  Increase  effectiveness  of  the  Airport  Development  Aid 
Prograni  (ADAP)  by  identifying  the  airport  pavement  construction 
metnods  most  effective  in  providing  good  friction  characteristics. 

4.  Enhance  safety  by  reducing  hydroplaning  and  improving  run¬ 
way  friction  characteristics  by  development  of  recommendations  tor 
improved  maintenance  and  maintenance  monitoring  practices. 

The  program  consisted  of  twc  phases.  The  specific  purposes  o: 
Phase  1  were  to  develop  survev  procedures  and  evaluate  the  perfor¬ 
mance  of  the  specified  equipment.  Tne  results  of  Pnase  I  are  con¬ 
tained  in  the  National  Runway  Friction  Measurement  Program  Phase  I 
Summary  Report,  dated  June  26,  1979 

1.2  SCOPE  OF  WORK 

The  project  included  runway  frictior  measurements  and  eva¬ 
luation  of  pavement  surface  conditions  on  491  runways  at  268  air¬ 
ports  that  have  at  least  one  IDS  runway  serving  scheduled  turbo-net 
ooerations  throughout  the  48  contiguous  United  States.  Table  1 
lists  the  number  of  airports,  runways  and  surveys  in  total  and  by 
r  e g ion . 
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TABLE  1.  SCOPE  OF  WORK 


Reg  ion 

Airports 

Runways 

Surveys 

Central 

19 

39 

118 

Eastern 

32 

62 

180 

Great  Lakes 

49 

104 

298 

New  England 

10 

18 

48 

Northwestern 

15 

22 

61 

Rocky  Mountain 

28 

45 

118 

Southern 

56 

95 

297 

Southwestern 

33 

65 

185 

Western 

26 

41 

113 

Total 

268 

491 

1,418 

This  report  reviews  the  program  and  provides  conclusions  and 
makes  recommendations  based  upon  statistical  analyses  of  the  data 
and  accumulated  field  experience. 
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2.  DISCUSSION 


2.1  SCHEDULE  AND  TRAINING 

2.1.1  Schedule 


The  date  and  location  for  each  survey  conducted  throughout  the 
program  are  listed  in  Appendix  A.  Most  airports  were  surveyed 
three  times,  with  consecutive  surveys  at  least  60  days  apart.  The 
voluntary  participation  of  each  airport  made  it  possible  to 
collect  an  extensive  data  base. 

2.1.2  Team  Member  Rotation 


The  planned  work  cycle  consisted  of  21  consecutive  work  days 
followed  by  9  consecutive  days  off.  Normally,  one  team  member 
returned  to  the  same  truck  while  the  other  rotated  to  a  different 
truck  and  equipment  at  the  beginning  of  each  21-day  tour.  Rotation 
was  useful  for  keeping  survey  procedures  consistent  throughout 
the  program. 

2.1.3  Training 

On  May  7-11,  1979,  a  comprehensive  classroom  and  field 
training  course  was  conducted  at  Dulles  International  Airport  in 
Washington,  D.C.  Engineers,  scientists  and  engineering 
technicians  were  trained  in  Mu-Meter  operation  and  maintenance, 
and  pavement  evaluation  parameters.  Subsequent  training  meetings 
were  held  bimonthly  to  provide  continuing  instruction  and  quality 
control.  On-the-job  training  was  also  provided  by  qualified, 
trained  team  members  and  visiting  quality  control  personnel. 


2.2  EQUIPMENT 

2.2.1  Tow  Vehicles 

Supercab  pick-up  trucks  were  used  as  tow  vehicles.  The 
vehicles  were  equipped  with  a  60  amp  alternator,  heavy  duty  bat¬ 
teries,  automatic  speed  control,  a  rotating  beacon,  exterior  flood 
lights,  a  ground  control  radio  with  exterior  speakers,  a  340  gallon 
water  tank,  and  other  water  pumping  equipment.  A  tow  vehicle  is 
shown  in  Figure  1. 

2.2.2  Friction  Test  Equipment 

A  Mu-Meter  with  a  MK  3  recorder  was  the  device  used  for 
measuring  pavement  side-force  friction.  Attached  to  the  triangular 
frame  were  two  side  wheels,  which  measured  friction,  and  one  back 
wheel,  which  measured  distance  and  drove  the  strip  chart.  A  close- 
up  of  the  Mu-Meter  is  shown  in  Figure  2. 
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FIGURE  2.  MU-METER 


When  in  test  position,  the  two  friction  measuring  wheels  were 
set  at  a  nominal  included  angle  of  15  degrees  (7  1/2  degrees  each 
wheel).  The  Mu-Meter  measured  the  side  slip  force  on  these  two 
wueels,  which  is  directly  proportional  to  the  friction  between  tne 
measuring  tires  and  the  pavement  surface.  The  Mu-Meter  measures 
the  force  perpendicular  to  the  direction  of  travel  and  is 
therefore  insensitive  to  variations  in  bearing  friction  and 
roiling  resistance.  Because  it  is  towed,  it  will  self-alien  and 
equalize  the  forces  on  both  wheels.  The  Mu-Meter  was  equipped 
jj  with  a  self-watering  system,  whicn  distributed  a  controlled  water 

f  depth  of  1.0  mm  (0.04  in.)  in  front  of  each  friction  measuring 

vheel. 

An  automatic  printout  unit  mounted  inside  the  tow  vehicle  pro¬ 
vided  a  display  of  the  data  coming  from  the  Mu-Meter.  This  device 
calculated  the  average  friction  for  each  500  feet  traversed, 
displayed  it  visually  and  printed  a  tape  for  the  permanent  record. 
The  automatic  printout  unit  is  shown  in  Figure  3. 

Radiant  temperature  thermometers  were  used  to  determine  the 
pavement  surface  temperature  for  each  friction  run. 

2 .2.3  Pavement  Condition  Survey  Equipment 

A  Transwave  distance  measuring  computer  was  used  to  measure 
~unway  location.  The  computer  and  display  were  mounted  in  the 
venic'le  cab,  as  shown  in  Figure  3-  The  Transwave  was  equipped  with 
a  30  register  memory  which  allowed  rubber  accumulation  values  at 
different  locations  along  the  runway  to  be  stored  for  later  recall. 
A  dictaphone  was  also  used  to  record  pavement  conditions. 

The  spot  tests  requiring  special  equipment  were  the  transverse 
slope  measurements,  the  NASA  grease  smear  test,  and  the  photographs 


FIGURE  j.  AUTOMATIC  PRINTOUT  UNIT  AND  TRANSWAVE 


of  the  pavement  surface.  Transverse  slope  measurements  were  taken 
with  the  FawLey  Slope  Bar.  The  slope  bar  was  a  4-foot  level  with  a 
cam  mounted  on  one  end  to  vary  the  vertical  distance  from  that  end 
of  the  level  to  the  runway.  The  cam  was  calibrated  to  read 
percent  transverse  slope  directly.  This  is  shown  in  Figure  4. 


FIGURE  4.  FAWLEY  SLOPE  BAR 
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Apparatus  for  the  NASA  Grease  Smear  test  is  shown  in  Figure  5. 
A  selected  volume  of  grease  was  smeared  with  the  squeegee  onto  a 
4-inch  wide  section  of  pavement  delineated  with  masking  tape.  The 
volume  divided  by  the  area  of  the  grease  smear  equals  the  average 
texture  depth  in  inches. 


FIGURE  5.  NASA  GREASE  SMEAR  TEST 

Photographs  of  the  pavement  surface  were  taken  with  two  35  mm 
cameras.  They  were  mounted  on  a  metal  frame  at  an  angle  so  that 
the  photographs  could  be  viewed  with  a  stereoscope.  Electronic 
flashes  were  used  as  a  light  source.  Figure  6  shows  the  stereo 
camera  fixture. 

2.2.4  Data  Entry  Equipment 

A  portable  terminal,  which  could  access  the  computer  through 
any  common  telephone,  was  used  by  the  survey  team  to  transmit  and 
receive  data  and  messages.  Figure  7  shows  the  portable  terminal 
in  use  by  a  survey  team  member.  Two-wheel  travel  trailers  were 
used  as  field  offices  and  security  storage  space.  A  trailer  is 
shown  in  Figure  8. 


2.3  FIELD  PROCEDURES 

2.3.1  Introduction 


The  data  gathering  procedures  were  divided  into  two  cate¬ 
gories,  friction  measurements  and  airport  inventory.  Apart  from 
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TABLE  2.  (cont.i 


Texture  measurements 

Groove  dimensions  (spacing,  width,  depth) 
Rubber  accumulation 
Mu-Values  -  dry  and  wet 
Stereo  photographs 

TABLE  3.  AIRPORT  INVENTORY  DATA  PARAMETERS 

Airport  name 
FAA  Region 
Airport  Designator 

Key  personnel  -  names,  titles,  phone  numbers 
Airport  mailing  address 
Master  Plan  date 
Airport  Layout  Plan  date 
Aerial  photographs  date 
Frost  depth  typical  for  area 
Runway  identification 
Runway  utilization 
Landings  by  aircraft  type 
•'  r  -  ach  Runway: 
i,ength 
>/  id  th 
-]  levat  ion 

Effective  gradient 
Jes  Lgn  transverse  slope 
Date  of  most  recent  painting 
Marking  type 

Paint  type  and  condition  liOng  centerline 
Vr  coving  date 

Original  construction  -  dare,  material, 
finish,  length  and  .ocauon 
Suosequent  additions  ana  overlays  -  date, 
material,  finish,  .engtn  and  xocation 
Seal  loatina  date 

Design  aircraft,  we  tunc  and  landing  gear 
Soil  classification 
Drainage  condition 
Rubber  removal  -  date,  nethod 
Blast  pads  or  displaced  tnresnolds  location 
and  length 

Previous  friction  measurements  -  date,  results, 
source 

Pavement  tests,  soil  tests,  dates 
Known  pavement  deficiencies: 

Rutting 

Shoving  due  to  traffic 
•’aulting  of  slabs 
Excessive  cracking 
^rost  bumps  durinq  winter 
Dong ltud  ina 1  grade  change 
Transverse  grade  change 
Poor  drainage 
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TAB LE  3 .  ( con  t  . 


Loss  of  crown 
Groove  closing 
Surface  wear 
Rubber  accumulation 
Other 

Accident  History: 

Date 

Runway 

Equipment  involved 

The  primary  purpose  of  the  data  gathering  process  was  the 
collection  of  pavement  surface  friction  measurements.  All  other 
procedures  were  utilized  to  provide  data  for  correlation  with  the 
friction  measurements.  The  field  procedures  fell  into  the 
following  general  tasks,  listed  in  chronological  order: 

1.  Airport  Contact  Meeting 

2.  Airport  Inventory 

3.  Mu-Meter  Friction  Tests 

4.  Pavement  Condition  Survey 

5.  Data  Evaluation 


The  tasks  are  explained  in  greater  detail  in  the  following  section 


2.3.2  Airport  Contact  Meeting 


Before  initial  testing  at  an  airport,  the  contractor 
corresponded  with  airport  management  to  introduce  the  program  anc 
coordinate  scheduling.  The  survey  team  held  a  contact  meeting  wit 
airport  staff  before  each  survey  to  set  up  a  testinc  schedule  anc 
collect  airport  inventory  data. 


2.3.3  Airport  Inventory 

The  airport  inventory  consisted  of  engineering  data, 
construction  history  and  operations  data  for  each  runway  tested. 
Engineering  data  included  design  aircraft,  design  transverse 
slope,  effective  gradient,  soil  classification,  etc.  During  each 
survey,  changes  since  the  previous  survey,  such  as  a  runway  exten¬ 
sion  or  surface  treatment,  were  added  to  tne  airport  inventory. 


2.3.4  Mu-Meter  Friction  Tests 


Prior  to  measurements  at  eac/  airport,  survey  teams  performed 
a  functional  check  on  the  Mu-Meter  i>  accordance  with  the 
manufacturer's  instructions.  At  tne  starting  end  of  the  runway, 
the  Mu-Meter  measuring  wheels  were  put  in  test  position  and  the 
tow  vehicle  was  aligned  ter.  leet  to  tne  right  ot  the  runway 
centerline.  The  dry  friction  survey  was  started  after  obtaining 
clearance  from  around  control.  Tne  tow  vehicle  was  brought  up  to 
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passes  respectively.  Survey  team  member;-'  also  checker;  teat  tht 
strip  chart  profile  was  similar  I  or  all  passes.  It  a  runway  f  e 1  . 
outside  these  guidelines  it  was  further  investiyar.ee;,  and  if 
necessary  retested.  Pavement  changes,  measurement  variability  anc 
climatic  conditions  affecting  the  limits  of  acceptability  are 
further  discussed  in  Section  2. 6. 5. 2. 

If  a  runway  fell  within  the  limits  of  acceptability,  the  data 
were  recorded  on  computer  entry  forms.  It  was  then  entered  into  the 
computer  and  checked  with  a  computer  program. 


2.4  QUALITY  CONTROL 

The  quality  control  aspect  ot  the  National  Runway  Friction 
Measurement  Program  was  designed  to  insure  consistency  and  accuracy 
of  data.  Quality  control  was  divided  into  two  major  tasks.  Tne 
first  was  to  insure  consistency  in  survey  team  procedures  and 
quantitative  judgements.  The  second  task  was  to  insure  accuracy 
m  transferring  raw  data  to  computer  files,  forms,  and  reports 

To  insure  consistency  in  survey  team  procedures  and  quan¬ 
titative  judgements,  a  Quality  Control  Manual  was  developer..  Tne 
quality  control  team  included  senior  members  of  the  contracting 
firm  who  were  familiar  with  all  phases  of  field  operations. 

Quality  control  personnel  periodically  joined  survey  teams  in 
the  field  to  evaluate  team  performance.  Their  function  was  tc 
observe  and  evaluate  the  field  team;  rather  than  participate  in  the 
work.  After  each  visit,  the'/  filled  out  a  Quality  Contro. 

Checklist  and  wrote  a  short  summary  of  the  evaluation,  giving 
recommendations  for  improvements  where  needed.  Team/office 
meetings  also  helped  to  insure  consistency  ir.  survey  procedures . 
Team  memoirs  compared  pavement  condition  ratings  of  pnotograpns  and 
discussed  procedures  wit.  east  other  and  office  personnel. 

Tne  second  quality  contro.  task  was  to  insure  accuracy  i: 
transferring  raw  data  to  comoutet  flies ,  forms .  and  reports.  Wne* 
survey  team  finisnec  gathering  date;  at  an  airport,  tne  data  were 
entered  into  a  computer  file.  A  vises  1  check  was  made  of  the  rav 
data,  the  computer  entry  coding  forms,  and  the  airport  computer 
file.  The  last  step  of  data  entry  for  tne  survey  team  was  to  com¬ 
puter  check  the  data  file  for  entry  errors  and  data  acceptability. 

When  the  survey  team  completed  each  airport  data  file,  tne 
home  office  received  an j  evaluated  the  data.  A  computer  program 
used  the  airport  data  file  to  generate  an  airport  survey  report. 

The  computer-generated  survey  report  was  checked  against  the  data 
entry  forms,  and  Mu  values  were  checked  against  the  Mu-Meter  strip 
chart. 


When  the  computer  file  was  correct,  a  second  program  was  used 
to  compare  the  first  and  second  survey  airport  data.  Survey  teams 
used  these  forms  as  background  information  to  be  verified  by  the 
airport  staff.  Throughout  this  process  any  errors  which  were  found 
were  corrected.  Finally,  the  home  office  transferred  the  data  into 
the  data  base. 


2. 5 


COMPUTER  OPERATIONS 


A  large  computer  capability  was  required  for  last  and  »cu  .rate 
storina,  sorting,.  processing  and  retrievinq  of  the  more  than 
650,000  individual  data  items  which  were  collected  iurinn  the 
oroqram.  The  icmputers  served  never  a  1  “unctions:  .  iqr.  steed 

communication  ,  iata  access  ,  error  checking,  and  star  1st  lea  ..  a;-..  - . 

The  Di  rest  Commit  -hi  toil— sharing  r.<>  twn  rx 

McDonnell  Dong  i  n  aroma  t  ion  '"ompany  1  McAuto)  were  used  to-  .u 
r’cess  and  .ccmmu n  •. ca  t  *  '■'.ns  .  phese  services  are  Iusm  on  s  s’  '  ■-■■■■ 
7  5  ••'omouc.ec  ;  •; u  t ..  s-v,- ’  ,ue  access  .  Th •  :•  I'n  :  vts  : 

-  *->  nn  ”0[  )  '  '*  V‘*  r^r  '  •  ‘  •  :  f  W  °  ''  **  p  f-  "  r  ,  f  ;  v 


.^e  oemp  _on  <..-f  eac.i  airport  survey  :'rjo  team  coded  and 
ntered  the  coll  e  c  ted  data  using  the  portable  computer  terminal . 

'lata  entry  forms  .’ided  the  survey  team  in  organ  i  tat  ion  and  formas 
or  the  data  into  *  sulcal  unit,  ‘he  airport  computer  file.  . o 
airport  computer  .lie  was  named  with  the  correspond ino  airport 
iesignator.  The  results  of  the  lircort  surveys  were  thus 
;  Timed  ia  te  ly  avai  of  ’  e  for  examination  art  process  inn  t.t  ■■ 
Contractor  ana  \a  fecnnical  Officer. 

-.5.2  i irport  Survey  Reports 

A  standard  Airport  Survey  Report  presented  the  data  of  t no 
friction  measurements,  the  pavement  condition  survey  and  the  spot 
tests  for  each  runway  with  an  evaluation  and  discussion  of  the 
data.  A  computer  program  used  the  airport  computer  file  to 
generate  the  data  in  table  format  and  evaluated  the  data  according 
to  standards  in  the  FAA  Advisory  Circular  150/5320-12.  A  sample 
Airport  Survey  Report  is  shown  in  Appendix  C. 

2.5.4  Statistical  Analysis 

To  organize  the  data,  a  data  base  was  developed  using  System 
2000  on  a  CDC  Cyber  computer.  The  data  base  structure  was  based  on 
the  logical  groupings  of  data  into  Region,  Airport,  Runway,  and  Test 
with  data  for  each  of  the  units  relatablv  to  each  oreceeding  unit. 

Statistical  analyses  of  the  parameters  involved  in  the  charac¬ 
terization  of  runway  friction  were  performed  using  SPSS.  SPSS  is  a 
nationally  vended  computerized  statistical  package  selected  for  its 
capability  of  analyzing  extensive  data  sets  with  a  large  number  of 
variables.  All  analyses  were  performed  using  the  most  current 
algorithms  for  maximum  processing  efficiency. 
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2.6  ENGINEERING  EVALUATION 


2  6.1  Data  and  Methods  of  Analysis 

From  November  1978  through  August  1980  surface  friction 
measurements  and  a  variety  of  other  data  were  obtained  at  268 
airports  on  491  runways.  Each  runway  was  tested  on  three 
different  occasions  (in  a  few  instances,  two  or  four  occasions), 
with  successive  test  dates  separated  by  at  least  60  days.  See 
Appendix  A  -  National  Runway  Friction  Measurement  Program  Survey 
Dates.  This  program  produced  a  huge  volume  of  data,  including 
replicate  friction  measurements  of  the  entire  length  of  every 
scheduled  turbo-jet  runway  in  the  48  contiguous  United  States. 

From  a  statistical  standpoint,  these  data  represent  not  a  sampling, 
but  en  masse  measurement  of  the  whole  runway  population  of  interest. 
To  have  such  extensive  data  for  predictive  analysis  is  very  rare. 

After  each  testing  at  an  airport,  a  report  of  the  results  was 
produced  and  submitted  to  the  FAA,  who  in  turn  forwarded  a  copy  to 
the  airport  management.  See  Appendix  C  -  Sample  Airport  Survey 
Report.  These  reports  provided  rapid  feedback  to  the  airport 
management.  Going  beyond  this  short-term  use  of  the  data 
obtained,  the  following  engineering  evaluation  considers  the  data 
as  a  whole  and  interprets  the  data  through  statistical  and 
analytical  means. 

The  greater  portion  of  the  data  consists  of  Mu  values  and 
other  pavement  measurements  averaged  over  500-foot  long  runway 
segments.  Including  all  runways  and  test  dates,  the  data  base 
contains  over  42,000  such  segments.  Apart  from  surface  friction 
data,  each  segment  is  characterized  by  pavement  material  and 
finish,  presence  or  absence  of  grooving,  groove  condition,  rubber 
accumulation  and  several  other  conditions  (see  Table  2) . 

Statistical  analysis  of  segment  data  was  confined  to  some  29,000 
uniform  segments,  defined  as  those  segments  (1)  having  at  least 
490  feet  of  the  same  pavement  material,  finish  and  presence  or 
absence  of  grooving,  (2)  having  no  paint  markings,  ruts, 
depressions  or  contaminants  other  than  rubber,  and  (3)  located  at 
least  200  feet  from  the  runway  end,  thereby  excluding  acceleration 
and  deceleration  zones.  Characteristics  of  these  29,000  uniform 
segments  are  found  in  Appendix  D.  Other  data  analyzed  included 
some  5,630  spot  measurements  of  texture  depth  (NASA  grease  smear 
test)  and  data  obtained  from  airport  management  on  runway  usage, 
construction  and  rubber  removal. 

The  data  analysis  was  performed  with  a  standard,  computerized 
statistical  package  (SPSS).  The  primary  methods  employed  were 
multiple  regression  and  correlation.  The  analysis  was  guided  by 
continual  inspection  of  graphed  data  and  of  summary  statistics,  as 
well  as  by  the  considerable  first-hand  field  experience  derived 
from  the  program.  Residual  analysis  was  employed  in  reviewing  the 
outcome  of  regression  runs  and  led  to  identification  of  unique 
circumstances,  thereby  allowing  verification  of  the  data  prior  to 
drawing  general  conclusions.  A  more  detailed  description  of  the 
data  used  in  each  analysis  is  included  in  Appendix  E. 
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Asphalt,  Microtexture,  Grooved 
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FIGURE  9-  RANKING  OF  PAVEMENT  TYPES  BY  MEAN  WET  MU  VAT, Hu 


TABLE  5.  MEAN  TEXTURE  DEPTH  FOR  VARIOUS  PAVEMENT  TYPES 

Mean  Texture  Depth 


Pavement  Type 

inches  x 

.001 

Ungrooved 

Saw-Cut 

Grooved 

Asphalt, 

Porous  Friction 

Course 

48.5 

Asphalt, 

Rubberized  Chip 

Seal 

39.9 

Asphalt, 

Worn 

35.0 

24.7 

Asphalt , 

Macrotexture 

27.7 

23 . 3 

Asphal t , 

Chip  Seal 

24.7 

Cone  re  te , 

Wire  Tined 

22.2 

20.9 

Asphalt, 

Mixed  Texture 

19.3 

15.9 

Asphalt , 

Slurry  Seal 

19.0 

Concrete , 

Wire  Combed 

18.0 

Concrete , 

Macrotexture 

16.5 

12.0 

Concrete , 

Broomed  or  Brushed 

14.5 

10.5 

Asphalt , 

Microtexture 

14.2 

12.7 

Concrete , 

Burlap  Dragged 

13.9 

11.9 

Concrete , 

Worn 

12.8 

12.8 

Asphalt, 

New 

12.5 

15.3 

Concrete , 

Float  Grooved 

12.5 

Concrete , 

Microtexture 

12.4 

11.0 

NOTE: 


Data  include  all  center  spots  (traffic  area)  with  no 
rubber  accumulation.  See  Appendix  E. 
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The  16  ungrooved  pavement  types  (excluding  all  saw-cut 
grooving  and  also  float  grooved  concrete)  are  shown  ranked  by 
texture  in  Figure  10  -  Ranking  of  Pavement  Types  by  Mean  Texture 
Depth.  The  similarity  in  pavement  type  ranking  shown  by  Figures 
b  and  10  confirms  that  surface  friction  and  texture  depth  are 
closely  related.  This  relationship  was  further  investigated. 

Figure  11  -  Relationships  of  Wet  Mu  Value  with  Texture  Depth 
for  Ungrooved  Pavements,  exhibits  regression  lines  for  surface 
friction  as  a  function  of  texture  depth.  "Spot"  friction  values 
for  each  texture  depth  location  were  read  directly  from  the 
Mu-Meter  strip  chart  for  this  analysis.  Pavement  areas  with 
traffic  but  no  rubber  accumulation  are  considered.  The  two  curves 
in  the  figure  for  asphalt  and  concrete  pavements  reflect  that 
texture  is  indeed  a  fundamental  determinant  of  surface  friction. 

2. 6. 2. 3  Texture  Wear  and  Weathering  -  Visual  and  photographic 
observations  formed  the  basis  for  classifying  pavement  types 
during  the  course  of  the  program,  and  analysis  afterwards 
confirmed  that  pavement  age  (i.e.,  time  since  construction  or 
resurfacing,  whichever  was  later)  corresponds  in  the  expected 
manner  with  pavement  type.  Moreover,  the  indication  is  that 
texture  depth  increases  with  pavement  age.  This  can  be  explained 
by  the  increasing  exposure  of  rough  aggregate  surfaces  as  pavement 
matrix  weathers  or  is  worn  away. 

The  relationship  of  texture  to  pavement  age  appears  to  be  a 
complex  function  in  which  the  rate  of  change  in  texture  increases 
with  the  pavement  age.  For  asphalt  ungrooved  pavement  surfaces  in 
traffic  areas  with  no  rubber,  the  annual  rate  of  change  varies 
from  less  than  0.4  thousandths  during  the  first  year  to  more  than 
four  thousandths  after  10  years.  Data  on  concrete  pavement  age 
were  insufficient  for  similar  analysis,  but  it  appears  that 
texture  of  concrete  pavements  also  increases  with  age,  though  at  a 
slower  rate  than  for  asphalt. 

Comparison  of  the  above  results  with  a  similar  analysis  for 
nontraffic  areas  reveals  that  weathering,  rather  than  pavement 
wear,  is  the  primary  cause  of  texture  increase,  at  least  for 
asphalt  pavements.  This  conclusion  rests  on  the  fact  that 
traffic  and  nontraffic  pavement  areas  show  essentially  the  same 
rate  of  texture  increase.  (Resulting  nontraffic  rate  is  slightly 
lower,  as  might  be  expected,  but  not  statistically  different.) 

The  above  analysis  excluded  porous  friction  course  and 
pavements  with  special  seals.  It  was  observed  that  some  pavements 
which  were  originally  finished  with  extremely  coarse  texture  have 
weathered  to  a  condition  of  lesser  texture. 

2. 6. 2. 4  Summary  of  Pavement  Evaluation  -  The  mean  surface 
friction  values  given  in  Table  4  for  nonrubber  areas,  imply  the 
ranking  of  28  pavement  types  displayed  in  Figure  9.  This  ranking 
is  based  on  surface  friction  alone;  choice  of  a  runway  pavement 
type  depends  upon  several  important  considerations.  Pavement 
grooving  and  rubber  accumulation  have  pronounced  effects  on 
surface  friction  as  will  be  further  discussed  below.  Texture 
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WET  MU  VALUE  =  42.7  +  a  tog  (TEXTURE) 

A  6  > 

a.  *  9.1  ±  0.3 
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WET  MU  VALUE 


=  43.8  t  a_  log  (TEXTURE) 
=  7.1  ±  1.0  C 


TEXTURE  (INCHES  x  .001) 

NOTE:  DATA  INCLUDE  ALL  CENTER  SPOTS  WITH  NO  RUBBER  ACCUMULATION 
SEE  APPENDIX  E 

FIGURE  II.  RELATIONSHIPS  OF  WET  MU  VALUE  WITH  TEXTURE  DEPTH 
FOR  UNGROOVED  PAVEMENTS 


depth  is  a  fundamental  determinant  of  surface  friction. 
Interestingly,  weathering  of  typical  pavements  causes  texture 
depth  to  increase;  the  rate  of  change  in  texture  increases  with 
pavement  age. 

2.6.3  Evaluation  of  Pavement  Grooving 

2. 6. 3.1  General  Effects  of  Grooving  -  The  primary  purpose  of 
grooving  is  to  provide  improved  drainage  at  the  tire-pavement 
interface  to  reduce  the  potential  for  hydroplaning.  In  addition, 
it  improves  the  friction  characteristics  of  the  pavement  surface. 

NASA  tests  on  grooved  pavements  indicated  that  grooves  spaced 
on  the  order  of  one  inch  could  achieve  this  objective.  FAA 
recommends  the  lV4~inch  groove  spacing  as  the  optimum  practical 
standard  consistent  with  these  findings. 

Since  pavement  texture  is  fundamentally  related  to  surface 
friction,  it  is  not  surprising  that  techniques  aimed  at  increasing 
the  macro-scale  texture  of  pavement  are  successful  at  increasing 
surface  friction.  Such  techniques  include  plastic  texturing  of 
concrete  pavements,  surface  treatment  of  asphalt  pavements  and  saw- 
cut.  grooving  of  coth  asphalt  and  concrete  pavements.  This  analysis 
focuses  on  saw-cut  grooving,  which  includes  11  pavement  types. 

The  fact  that  grooving  enhances  surface  friction  of  runway 
pavements  is  evident  from  inspection  of  Table  4  -  Mean  Wet  Mu 
Values  for  Pavement  Types,  discussed  in  Section  2.6.2.  1.  A 
different  view  is  afforded  by  Figure  12  -  Example  of  Effect  of 
Saw-Cut  Grooving  on  Runway  Surface  Friction,  which  shows  data  for 
a  specific  runway.  As  the  figure  shows,  grooving  enhances  surface 
friction  throughout  the  runway  length. 

Figure  13  -  Comparison  of  Wet  Mu  Values  for  Saw-Cut  Grooved 
with  Ungrooved  Pavement,  exhibits  previously  presented  data  in  a 
manner  which  emphasizes  the  effects  of  grooving  on  surface 
friction.  Pavement  types  are  ranked  in  Part  A  of  the  figure 
according  to  mean  wet  Mu  value  in  areas  without  rubber 
accumulation  for  the  grooved  types.  Mean  values  for  corresponding 
ungrooved  types  are  shown  for  comparison.  Part  B  of  Figure  13 
shows  a  similar  comparison  for  areas  with  30  percent  rubber 
accumulation,  as  determined  by  regression  analysis  described  in 
Section  2. 6. 4.1.  (Note  that  30  percent  rubber  accumulation  means 
a  level  of  accumulation  which  obliterates  30  percent  of  the 
pavement  texture.)  Figure  13  illustrates  that  saw-cut  grooving 
generally  enhances  surface  friction  in  uncontaminated  areas,  while 
in  areas  of  rubber  accumulation  the  increase  in  friction  due  to 
grooving  is  more  pronounced. 

2. 6. 3. 2  Effect  of  Groove  Spacing  -  The  effect  on  surface  iriction 
of  groove  spacing  was  investigated  by  multiple  regression. 

Measured  groove  spacings  were  sorted  into  classes  corresponding  to 
class-means  of  1.25,  1.5,  1.75,  2.0,  2.25,  2.5,  2.75  and  3.0 
inches.  It  was  found  for  various  grooved  pavement  types  that  a 
one-inch  difference  in  groove  spacing  corresponds  typically  to  a 
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five-wet  Mu  value  difference  in  friction  (with  typical  standard 
error  one  wet  Mu  value  per  inch).  The  regression  results  indicate 
that,  within  the  ranqe  of  s pacings  encountered,  surface  friction 
increases  as  groove  speoino  decreases.  That  is,  the  enhancement 
of  friction  is  greater  for  narrower  spacing.  At  the  other 
extreme,  very  little  friction  enhancement  results  with  the  widest 
qroove  spacinqs. 

It  is  therefore  desirable  from  the  standpoint  of  friction  to 
use  smaller  saw-cut  groove  spacings.  The  standard  groove  spacing 
of  l*%  inches  center  to  center  is  indicated  as  best  in  the  range 
encountered  in  the  program. 

2.6.3.  3  Effect  of  Groove  Deterioration  -  Groove  deterioration  was 
also  considered  in  the  multiple  regression  analysis.  The  deterioration 
of  groovinq  is  represented  in  a  scale  from  zero  (good  condition, 
uniform  depth  across  runway)  to  nine  (essentially  ineffective). 

For  example,  a  groove  deterioration  of  three  means  from  30  to  39 
percent  ineffective,  due  to  being  filled  or  missing  or  poorly  built. 

Based  on  the  above  ratinq  scale,  the  regression  results  for 
saw-cut  grooved  pavements  are  typically  one  wet  Mu  value  decrease 
in  friction  per  unit  increase  in  groove  deterioration.  The 
standard  error  is  approximately  0.5  wet  Mu  value  per  unit  of 
groove  ratinq. 

2.6. 3.4  Groove  Deterioration  and  Climate  -  There  are  known  cases 
of  qrooved  asphalt  pavements  on  which  the  grooves  have  closed  up, 
apparently  as  a  result  of  traffic  durinq  high  summertime 
temperature.1'.  A  statistical  relationship  for  asphalt  pavement, 
wi:  therefore  sought  between  groove  deterioration,  as  defined  in 

t  h<--  previous  section,  and  climate ,  represented  by  frost  depth  anc 
hi  mean  daily  maximum  temperature  for  the  hottest  month.  Multiple 
repression  analysis  yielded  no  relationship  for  temperature  and 
or.ly  a  weak  relationship  for  frost  depth. 

2.6. 3.  r  Summary  of  Grooving  Evaluation  -  Saw-cut  qrooving  of 
runway  pavements  has  a  definite,  positive  effect  on  surface 
friction,  as  can  be  seen  in  Fiqure  13.  Groovinq  enhances  friction 
in  areas  of  rubber  accumulation  to  a  qreater  degree  than  in  areas 
with  no  rubber.  The  effect  of  qroovr  spacing  is  that  friction 
enhancement  is  greater  for  narrower  spacing.  As  grooves 
deteriorate  in  condit.on,  the  enhancement  of  friction  also 
decreases  slightly. 

2.6.4  Evaluation  of  Rubber  Removal  Effectiveness 


2.6. 4.1  Effects  of  Rubber  Accumulation  on  Surtace  Friction  - 
R  ihber  accumulat  on  on  runway  pavement  profoundly  affects  sjrface 
friction,  as  is  evident  from  Figure  9  in  Section  2.6.2. 1.  For  a 
particular  runway,  a  graph  of  wet  Mu  value  versus  distance 
generally  has  lowest  friction  values  in  areas  of  highest  rubber 
accumulation.  Figure  14  -  Example  of  Effects  of  Rubber  Accumulation 
and  Removal  on  Runwav  Surface  Friction,  illustrates  this.  Figure 
14  also  shows  that  rubber  removal  can  result  in  increased  surface 
friction,  as  will  be  further  discussed  below. 
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Linear  relationships  between  surface  friction  and  degree  of 
rubber  accumulation  were  developed  through  multiple  regression 
analysis  of  data  for  the  500-foot  runway  segments.  The  analysis 
excluded  segments  with  no  rubber  accumulation,  as  these  are  the 
overwhelming  majority  and  would  tend  to  weight  the  results  unduly. 
For  individual  pavement  types  with  sufficient  data  for  analysis, 
equations  were  obtained  of  the  following  form: 

M  =  b  -  m  *  R  . (1) 

in  which 


M  =  wet  Mu  value  segment  average; 

b  =  intercept  constant,  having  units  of  Mu  values; 

m  =  slope  constant,  having  units  of  Mu  values  per  unit  of 
rubber  accumulation;  and 


R  =  rubber  accumulation  segment  average  measured  in  units 
from  zero  (no  rubber)  to  nine  (essentially  complete 
obliteration  of  pavement  texture  by  rubber). 


The  results  are  presented  in  Table  6  -  Regression  Constants 
Relating  Surface  Friction  to  Rubber  Accumulation.  The  constants  b 
and  m  reported  in  Table  6  are  as  appear  in  Equation  1.  Note  that 
for  grooved  pavement  types  the  reported  constants  have  been 
adjusted  for  the  simultaneous  influences  of  groove  spacing  and 
groove  condition,  and  the  intercept  b  reflects  the  mean  values 
(for  each  such  pavement  type)  of  groove  spacing  and  condition. 


An  important  observation  from  Table  6  is  that  the  slope  m  for 
saw-cut  grooved  pavements  is  generally  on  the  order  of  one-half 
the  corresponding  slope  for  ungroovt  ’  pavements.  (The  only 
exception  to  this  is  new  asphalt,  which  has  a  relatively  small 
data  set  when  restricted,  as  in  this  analysis,  to  500-foot 
segments  with  significant  rubber  accumulation.)  This  means  that 
the  surface  friction  of  saw-cut  grooved  pavements  is  less 
sensitive  to  rubber  accumulation  than  is  the  surface  friction  of 
ungrooved  pavements. 


Consider  for  example  microtexture  concrete  pavement.  From 
Table  6  the  regression  slope  m  is  6.9  Mu  value  per  unit  of  rubber 
accumulation  for  the  ungrooved  pavement  type,  and  3.5  Mu  value 
er  rubber  unit  for  saw-cut  grooved.  Thus  the  decrease  in  wet  Mu 
value  for,  say,  a  two-unit  increase  in  rubber  accumulaion  is 
approximately  14  for  ungrooved,  and  7  for  saw-cut  grooved, 
microtexture  concrete  pavement. 


The  regression  lines  defined  by  the  slopes  and  intercepts  in 
Table  6  are  shown  graphically  in  Figure  15  -  Relationship  of  Wet 
Mu  Value  with  Rubber  Accumulation  for  Asphalt  Pavements  and 
Figure  16  -  Relationship  of  Wet  Mu  Value  with  Rubber  Accumulation 
for  Concrete  Pavements.  Note  that  the  actual  ranges  of  rubber 
values  found  in  the  data  for  each  pavement  type  are  indicated  by 
the  solid  portions  of  the  regression  lines  in  Figures  15  and  16. 
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TABLE  6.  REGRESSION  CONSTANTS  RELATING  SURFACE 
FRICTION  TO  RUBBER  ACCUMULATION 


include  all  uniform  segments.  See  Equation  1.  See  Appendix 
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PIGURE  15.  RELATIONSHIP  OF  WET  MU  VALUE 
WITH  RUBBER  ACCUMULATION  FOR 
ASPHALT  PAVEMENTS 


WET  MU  VALUE 


2. 6. 4. 2  Relationship  to  Aircraft  Landings  -  It  is  reasonable  to 
expect  that  rubber  accumulation  (and  hence  surface  friction) 
should  be  related  to  the  amount  of  use  a  runway  receives,  in  terms 
of  aircraft  landings.  Many  factors  affect  the  amount  of  rubber 
deposited  on  a  runway  during  a  landing,  such  as  aircraft  weight 
and  type,  landing  speed,  ambient  temperature,  pavement  surface  and 
tire  material,  loading  and  configuration.  Since  the  landing  speed 
and  wheel  loadings  are  generally  similar  for  the  classes  of 
aircraft  that  account  for  most  rubber  deposition,  rubber 
accumulation  is  a  function  of  the  number  of  wheel  impacts  which  is 
in  turn  a  function  of  aircraft  landing  weight.  A  simple  common 
denominator  was  needed  to  express  these  factors  for  comparison 
with  observed  rates  of  rubber  accumulation.  The  statistical 
analyses  also  show  that  the  greatest  correlation  is  with  total 
landing  weight  for  all  aircraft  heavier  than  12,500  lbs.  In  this 
report,  the  runway  utilization  parameter  is  "aircraft  landings", 
expressed  in  millions  of  pounds  per  year.  Lighter  aircraft  are  not 
included  as  their  landing  speeds  and  wheel  loadings  are  generally 
much  lower. 

Numbers  of  landings  for  each  aircraft  type  were  obtained  at 
every  airport,  and  airport  staff  provided  data  or  estimates  of  the 
percentage  of  total  landings  associated  with  each  runway  end.  For 
each  runway  end,  then,  the  annual  landings  are  computed  by 
multiplying  the  number  of  landings  of  each  type  of  aircraft  times 
the  maximum  landing  weight  of  that  type,  and  summing  the  results. 

Relationships  of  various  kinds  were  investigated,  and  it  was 
found  that  different  sorts  of  relationships  best  described  runways 
which  had  never  been  subjected  to  rubber  removal  versus  those 
which  had. 

Inspection  of  aircraft  landings  data  sorted  in  rank  order 
revealed  that  runway  ends  with  landings  less  than  250  million  lb/yr 
rarely  have  significant  rubber  accumulation.  This  is  an  important 
observation,  as  it  indicates  that  certain  factors  must  tend  to 
remove  or  degrade  rubber  on  runways;  for  otherwise  even  low  usage 
runways  would  eventually  accumulate  rubber.  Factors  tending  to 
remove  or  degrade  rubber  may  include  weathering,  sunlight, 
microbial  activity,  snow  removal  activities  (plowing,  scraping 
and  sanding)  and  sweeping. 

Another  observation  is  that  very  few  runways  with  no  record 
of  rubber  removal  have  aircraft  landings  greater  than  5,000 
million  lb/yr.  Further  analysis  of  "never  cleaned"  runways 
revealed  that  rubber  accumulation  on  such  runways  can  be  more 
accurately  related  to  annual  aircraft  landings  than  to  cumulative 
landings  since  the  pavement  surface  was  newly  finished.  This 
suggests  that  on  these  "never  cleaned"  (i.e.,  lower  use)  runways  a 
steady  state  develops  between  rubber  deposition  and  those 
factors  tending  to  remove  or  degrade  rubber. 

The  relationship  to  annual  landings  is  shown  in  Figure  17  - 
Relationship  of  Average  Rubber  (2,000-foot)  to  Annual  Landings 
for  Runways  Never  Cleaned.  To  develop  these  relationships,  only 
those  runway  ends  with  landings  greater  than  250  million  lb/yr 
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NOTE :  SEE  APPENDIX  E 

FIGURE  17.  RELATIONSHIP  OF  AVERAGE  RUBBER  (20OO~F0OT) 

TO  ANNUAL  LANDINGS  FOR  RUNWAYS  NEVER  CLEANED 
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were  analyzed.  All  pavement  types  have  similar  rubber 
accumulation  at  low  usage  rates  (approximately  1,000  million  lb/yr 
and  less).  The  pavement  types  accumulate  rubber  differently, 
however,  at  usage  rates  above  1,000  million  lb/yr.  In  this  higher 
range,  for  a  given  ratQ  of  annual  landings,  asphalt  runways 
generally  have  more  ru  -oer  than  concrete  runways,  and  ungrooved 
runways  have  more  rubber  than  grooved  runways. 

The  measure  of  rubber  accumulation  used  in  the  above  analysis 
is  a  computed  2,000-foot  average  value.  It  is  defined  for  each 
runway  end  as  the  area  under  the  graph  of  rubber  rating  (on  the 
zero  to  nine  scale)  versus  distance,  divided  by  2,000  feet.  The 
2,000-foot  distance  is  typical  of  the  zone  of  rubber  accumulation 
on  runway  ends.  The  average  defined  in  this  way  allows  valid 
comparison  between  different  runways  of  the  total  accumulation  of 
rubber . 

The  relationship  between  2,000-foot  average  rubber  and 
maximum  500-foot  segment  rubber  is 

Ravq  =  —0.22  +  0.7 . . . .  (2) 


in  which 

Ravg  =  2,000-foot  average  rubber  rating  for  runway  end; 


and 


Rmax  =  maximum  500-foot  segment  rubber  rating  on  runway  end. 

For  "never  cleaned"  runways,  the  statistical  analysis  achieved 
better  results  using  average  rubber  rather  than  maximum  rubber. 
However,  maximum  rubber  is  the  more  meaningful  parameter,  as  it 
is  the  basis  for  prediction  of  the  minimum  500-foot  segment  wet  Mu 
value . 

2. 6. 4. 3  Effectiveness  of  Rubber  Removal  -  Approximately  19 
percent  of  all  runways  tested  in  the  program  had  rubber  removal 
during  the  program  or  within  one  year  prior  to  initial  testing. 

The  cleaning  method  was  in  nearly  all  cases  high  pressure  water. 
There  were  no  instances  of  rubber  removal  on  porous  friction 
courses,  chip  seals  or  slurry  seals  during  the  program.  It  was 
usual  to  observe  rubber  accumulation  on  runways  previously 
cleaned.  In  most  cases  some  weeks  or  months  had  elapsed  between 
the  cleaning  and  the  observation. 

Runways  having  rubber  removal  include  those  with  the  highest 
usage  rates.  In  terms  of  annual  aircraft  landings,  a  few  runways 
exceed  15,000  million  lb/yr.  At  the  other  extreme,  approximately 
30  percent  of  runways  with  rubber  removal  have  annual  landings 
below  1,000  million  lb/yr. 

In  contrast  to  runways  which  did  not  have  rubber  removal, 
rubber  accumulation  on  cleaned  runways  was  more  accurately  related 
to  cumulative  landings  since  rubber  removal  than  to  annual 


landings.  The  relationship  is  illustrated  in  Figure  18  - 
Relationship  of  Maximum  Rubber  (500-foot  segment)  to  Cumulative 
Landings  Since  Rubber  Removal. 


The  regression  lines  in  the  figure  correspond  to  equations  of 
the  following  form: 


Rmax  c  +  k  '  L  .  (3) 

in  which 

Rmax  =  maximum  500-foot  segment  rubber  rating  on  runway 
end ; 

c  =  intercept  constant,  having  units  of  rubber 
accumulation  rating; 

k  =  slope  constant,  having  units  of  rubber  rating  per 
million  lb  of  aircraft  landings;  and 

L  =  cumulative  aircraft  landings  on  runway  end,  in 
million  lb. 


Table  7  -  Regression  Constants  Relating  Rubber  Accumulation  to 
Cumulative  Landings  Since  Rubber  Removal,  presents  the  results  of 
the  regression  analysis  for  Equation  3. 


TABLE  7.  REGRESSION  CONSTANTS  RELATING 
RUBBER  ACCUMULATION  TO  CUMULATIVE  LANDINGS 
SINCE  RUBBER  REMOVAL 


Pavement  Class 

Intercept  c 

Slope  k 

Standard  Error  of 

Asphalt 

2.6 

0.0012 

+ 

0.0006 

Asphalt, 

Saw-Cut  Grooved 

2.5 

0.00034 

+ 

0.00013 

Concrete 

1.9 

0.00098 

+ 

0.00019 

Concrete , 

2.4 

0.00059 

+ 

0.00008 

Saw-Cut  Grooved 

The  intercept  constants  in  Table  7  provide  a  simple  and  direct 
measure  of  the  effectiveness  of  rubber  removal.  The  intercept 
constants  are  approximately  2-2.5,  representing  rubber  accumulation 
to  the  degree  that  one-fourth  of  the  pavement  texture  is  filled  or 
obliterated.  This  is  a  statistically  derived  estimate  of  the 
maximum  500-foot  segment  rubber  rating  to  be  found  on  a  runway 
immediately  after  rubber  removal.  Since  rubber  removal  decreases 
maximum  rubber,  the  minimum  wet  Mu  value  is  therefore  increased. 


The  slope  constants  indicate  the  rate  of  rubber  accumulation 
for  each  broad  pavement  classification.  Note  that  the  number  of 


cleaned  runways  was  not  large  enough  to  allow  a  more  detailed 
breakdown  of  pavement  types  for  this  analysis. 

The  slopes  for  ungrooved  asphalt  and  ungrooved  concrete  are 
similar  and  indicate  that  an  increase  in  cumulative  landings  of 
approx imately  1,000  million  lb  causes  a  unit  increase  in  the 
maximum  rubber  rating.  The  cumulative  landings  per  unit  rubber 
increase  are  roughly  twice  the  above  for  grooved  concrete  and 
three  times  the  above  for  grooved  asphalt. 

Thus  grooved  pavements  accumulate  less  rubber  for  a  given 
amount  of  usage  than  ungrooved  pavements.  This  result  may  seem 
surprising,  as  casual  observation  of  high  rubber  accumulation  on 
grooved  runways  could  easily  lead  one  to  the  opposite  conclusion. 
The  paradox  can  be  resolved  by  realizing  that  grooved  runways  tend 
to  be  runways  with  higher  usage;  the  higher  usage  apparently  more 
than  compensates  for  the  lower  accumulation  rates. 

Note  that  in  this  analysis  of  cleaned  runways,  equally  good 
statistical  relationships  were  obtained  for  maximum  rubber  (Rmax) 
and  average  rubber  (RaVg)*  The  results  for  maximum  rubber  are 
presented  because  they  are  more  meaningful,  in  that  they  relate 
directly  to  minimum  wet  Mu  values. 

2. 6. 4. 4  Guidelines  for  Rubber  Removal  Frequency  -  A  useful 
summary  of  the  relationships  developed  above  for  wet  Mu  value, 
rubber  accumulation  and  aircraft  landings  is  presented  in  Figure 
19  -  Rubber  Removal  Frequency  for  Various  Pavement  Types. 

A  joint  FAA-USAF-NASA  Runway  Research  Program  was  conducted 
from  1971  to  1974.  Several  turbo-jet  aircraft  and  various 
friction  measuring  devices  were  tested  on  pavements  with  a  wide 
range  of  slippery  conditions.  Based  on  these  test  results,  a 
Mu  value  of  50  was  selected  as  generally  providing  adequate 
runway  surface  friction. 

Discussions  with  airport  personnel  confirm  that  a  recommended 
minimum,  wet  Mu  value  of  50  is  reasonable  to  produce  and  provides 
adequate  runway  surface  friction  under  most  conditions.  The 
recommended  wet  Mu  value  of  50  for  the  minimum  500-foot  runway 
segment,  as  further  discussed  in  Section  2.7,  is  assumed  as  the 
busis  for  Figure  19.  The  graph  is  not  applicable  to  runways  with 
low  usage. 

To  use  the  figure  for  a  given  runway  end,  the  annual  aircraft 
landings  in  million  lb/yr  must  first  be  known  or  estimated. 

(Refer  to  Section  2. 6. 4. 2,  second  paragraph,  for  the  procedure.) 
The  corresponding  rubber  removal  frequency  can  then  be  read 
directly  from  the  appropriate  curve.  Sixteen  out  of  the  total  of 
28  distinguished  pavement  types  have  sufficient  data  to  be 
represented  in  Figure  19.  Certain  curves  depict  more  than  one 
pavement  type  for  which  results  are  closely  similar. 

Figure  19  can  be  used  to  analyze  surface  treatment, 
resurfacing  or  construction  alternatives  for  a  runway  which  has  or 


is  pxppctpd  to  have  high  use.  Alternatives  miqht,  for  example, 
include  saw-cut  grooving  the  exist  i  nq  pavement  ,  resjrf  ac  i  nq  w  1  t  r. 
iifferent  material,  res.urfacinq  with  the  ,um<  materia!, 
r  “5Lir  t  ac  i  nq  and  qroov  inq  ,  or  all  new  const  r  ict  ion  of  various 
tvoes.  The  capital  cost  of  each  alfpoi  it  tvp  must  be  converted  to 
an  annual  cost  has  is;  to  this  is  added  -he  annual  cost  >f  rubber 
removal  for  each  alternative,  based  on  the  required  frequency  from 
Fiqure  19 .  In  this  way,  the  total  annual  cost  of  alternatives  can 
he  compared  directly  and  conveniently. 

Fiqure  19  can  a 1  so  he  used  as  a  quidejine  in  definin'!  a 
specific  maintenance  cronram  for  a  particular  runwav,  hut  the 
fiqure  should  not  he  ised  alone  for  this  purpose .  Due  *•(> 
pecu  1  iar  i  t  ies  of  pavement  const  ruct.  ion,  material  and  other  factors 
which  are  not  accounted  for  in  the  statistical  analysis, 
individual  runwavs  will  deviate  from  the  curves  shown  in  the 
fiqure.  The  fiqure  mav  be  thouqht  of  as  indicat  inq  the  required 
rubber  removal  frequency  for  the  "averaqe  pavement."  of  each  type. 
Maintenance  of  a  particular  runway  should  iltimately  he  based 
upon  direct  observation  of  rubber  accumulat ion  and  measurement  of 
surface  friction. 

2.6.5  Other  Factors  Related _ to  Fr ict ion 

2.6.5.  1  Pavement  Related  Factors  -  On  each  runway  tested, 
observations  of  oavement  condition  included  ratinqs  for  structural 
distress  and  for  ioint  or  crack  condition.  These  ratinas  were 
i”':,raqpd  for  earn  500-foot  runwav  seqment  in  the  same  manner  as 
' n°  rubber  accumulat ion  data,  and  the  average  values  were  included 
initial  multiple  repression  analyses. 

It  was  found  ‘hat  runwav  friction  measurement  is  not  stronqly 
related  to  Davement  struct ural  distress  or  to  condition  of  ^oints 
or  cracks,  noweyer ,  no  pvaluatinn  of  these  factors  as  related  to 
ooerat  tonal,  problems  were  made.  This  is  not  really  a  surprising 
result,  as  even  severe  structural  distress  (pavement  cracxinq'  and 
hunt  or  crack  condition  wide  openinqs,  not  filled)  imply  a 
relatively  small  fractional  loss  of  surface  area.  Incidentally,  a 
strong  statistical  relationship  does  exist  between  structural 
di  -.tress  and  ioint  or  crack  condition.  This  also  is  not 
■urnrisino,  but  neither  is  it  very  important  to  the  oonsidei  at  ion 
> •  runway  friction. 

Ruts  and  depressions  on  runways  were  also  observed  and 
iiuntifi‘»d  to  identify  possible  areas  of  hydroplaning.  Due  to  the 
nature  of  the  test inq  during  this  proqram,  hydroplaning  due  to 
u  iim  would  not.  occur  .  Testing  was  not  conducted  under  actual 
rainfall  conditions  since  this  would  have  introduced  additional 
D.arumeters  and  variability  in  the  data,  however,  such  testing  is 
*■  ef-c-mmended . 


2. 6. 5. 2  Measurement  Related  Factors  -  Testinq  precision  involves 
‘he  precision  of  the  measuring  instrument  and  the  test  techniques 
employed .  The  Mu-Meter  was  used  to  measure  surface  friction  on 
runway  pavements  in  the  National  Runway  Friction  Measurement 
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the  Mu-Meter  from  the  centerline  during  testing.  Climatic- 
conditions  also  affect  the  measurement  of  surface  friction.  These 
conditions  may  include  air,  pavement  and  water  temperatures  during 
testing  and  antecedent  precipitation.  These  factors,  as  well  as 
normal  measurement  variability,  affected  the  measurement  of 
friction  between  successive  tests  at  an  airport. 

Extreme  variability  between  successive  measurements  indicates 
the  possibility  that  human  error,  equipment  malfunction  or  other 
unaccounted  factors  have  resulted  in  unrepresentative  readings. 

For  this  reason,  limits  of  acceptability  were  formulated  for 
differences  between  successive  measurements.  See  Section  2.3.6. 

These  limits  were  used  in  the  field  for  screening  out  unrepresentative 
data.  In  these  cases,  retesting  was  performed  to  eliminate  human 
error  and  equipment  malfunction.  Approximately  one  percent  of  the 
50u-foot  segment  data  fell  outside  the  limits  of  acceptability  for 
unaccounted  factors.  Note  that  the  test  precision,  limits  of 
acceptability  of  data  and  maintenance  tolerances,  while  related, 
are  actually  different  considerations.  It  is  important  to  note 
that  limits  of  acceptability  are  only  applicable  to  the  National 
Runway  Friction  Measurement  Program  and  should  not  be  construed  as 
the  precision  of  the  Mu-Meter  or  as  maintenance  tolerances. 

Certain  measurement  related  factors  have  been  successfully- 
accounted  for  by  statistical  analysis.  These  factors  are 
calibration  reading,  water  temperature  and  pavement  temperature. 
Briefly,  the  findings  are  as  follows: 

(1)  To  correct  for  the  deviation  of  the  calibration  reading 
from  the  reference  Mu  value  of  77,  multiply  the  deviation 
(which  is  in  the  range  -3  to  +3)  times  0.25  and  subtract  the 
result  from  the  raw  Mu  data. 

(2)  The  effect  of  water  temperature  is  tc  decrease  wet  Mu 
values  as  water  temperature  increases,  the  rate  of  decrease 
being  approximately  0.5  Mu  value  per  degree  Celsius. 

(3)  The  effect  of  pavement  temperature  is  opposed  to  that  of 
water  temperature,  and  there  is  approximately  0.2  Mu  value 
increase  per  degree  Celsius  increase  in  pavement  temperature. 

Mu  data  can  be  adjusted  for  calibration  and  normalized  to  the 
reference  temperature  of  20°C  according  to  the  following  formula: 

Mc r  =  Mraw  -  0.25Cd  +  0 . 5TW  -  0.2Tp  -  6.0  .  (4) 

in  which 

Mcr  =  wet  Mu  value  adjusted  for  calibration  and  normalized 
to  the  reference  temperature  of  20°C; 

Mraw  =  raw  wet  Mu  value; 

C'd  =  calibration  deviation,  defined  as  calibration 
reading  minus  77  Mu  value; 
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Tw  =  temperature  of  water  used  in  the  wet  friction 
measurement,  in  degrees  Celsius;  and 

Tp  =  pavement  temperature,  degrees  Celsius. 

The  constant  term,  -6.0,  arises  from  the  temperature  adjustment  to 
20°C.  Note  that  when  both  Tw  and  Tp  equal  20°C,  all  terms  in 
equation  4  to  the  right  of  C^  total  to  zero. 

The  data  in  this  report  were  not  adjusted  since  the  adjustments 
are  small  and  the  various  temperature  and  calibration  values 
encountered  tend  to  cancel  each  other.  The  equation  is  only  an 
approximation  because  the  data  on  which  it  is  based  includes  many 
other  factors.  It  is  recommended  that  more  accurate  normalization 
factors  be  developed  under  controlled  test  conditions.  The  equation 
may  be  useful  for  a  particular  runway  measured  repeatedly  to  achieve 
a  more  precise  measurement. 

To  sum  up  this  discussion,  a  variety  of  extraneous  factors 
impinge  on  the  measurement  of  surface  friction  with  the  Mu-Meter. 
Certain  of  these  factors  can  be  accounted  for  quantitatively  as  in 
liquation  4.  Mu  data  obtained  in  the  program  have  yielded  a 
rational  and  useful  analysis  of  runway  friction  and  thereby  have 
proved  their  adequacy  to  the  intended  purpose. 
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2.7  MODIFICATIONS  IN  ADVISORY  CIRCULAR  1 5  0/5  320-12 

Experience  during  the  National  Runway  Friction  Measurement 
Program  has  shown  that  the  Mu-Meter  is  an  effective  friction 
measurement  device  embodying  an  excellent  physical  principle  for 
measuring  runway  friction.  Continuous  recording  of  measurements 
allows  the  airport  sponsor  to  analyze  and  quantify  specific  areas 
in  detail  as  well  as  the  entire  runway  surface.  Several  changes 
in  the  Mu-Meter  since  its  conception  have  improved  the  usefulness 
of  the  device  without  affecting  the  basic  design  principles.  The 
capability  of  automatically  recording  500-foot  segments  on  the 
strip  chart  used  extensively  during  the  program,  is  one  useful 
change.  A  list  of  suggested  further  modifications  for  improved 
ease  of  operation,  reduction  and  simplification  of  maintenance  and 
improvement  in  data  collection  was  transmitted  to  the  Mu-Meter 
manufacturer  for  cons iderat ion  in  future  modifications. 

Throughout  this  program,  airport  sponsors  were  generally 
aware  of  low  surface  friction  when  informed  that  a  portion  of 
their  runway  was  below  the  recommended  minimum  Mu  value  of  50. 

Of  the  491  runways  tested,  122  (24.8%)  had  wet  Mu  values  less  than 
50  on  at  least  one  500-foot  segment  on  their  final  test.  However, 
only  1900  (4.5%)  of  the  42,000  segments  had  wet  Mu  values  less 
than  50.  Of  the  122  runways  with  low  segments,  64  runways  (52.5%) 
had  wet  Mu  values  less  than  50  for  less  than  1000  feet. 

The  following  modifications  to  A/C  150/5320-12  therefore 
reflect  a  minimum  Mu  value  of  50.  The  primary  purpose  of  this 
report  is  to  establish  simplified  guidance  and  criteria  for 
airport  operators  to  maintain  runways  at  adequate  friction  levels. 
Further  investigations  of  actual  aircraft  performance  will,  ii.  tne 
future,  provide  additional  data. 

It  should  be  noted  that  throughout  the  program  and  this 
report,  Mu  values  are  multiplied  by  100  and  therefore  range  from  0 
to  100.  For  use  in  the  following  recommendations  for 
modifications  to  A/C  150/5320-12,  Mu  values  are  expressed  from  a 
range  of  0.00  to  1.00.  Thus,  the  recommended  minimum  value  of  50 
is  expressed  in  these  recommendations  as  0.50. 

During  Phase  I  of  the  National  Runway  Friction  Measurement 
Program,  an  evaluation  of  different  water  depths  for  wet  friction 
measurements  was  accomplished.  It  was  determined  that  a  water 
depth  of  1.0  mm  (0.04  inches)  was  needed  to  fill  the  voids  of  the 
pavement  texture.  A  hydrologic  study  (Appendix  H)  was  performed 
as  part  of  this  investigation  and  confirmed  that  the  application 
of  1.0  mm  (0.04  inches)  of  water  in  front  of  the  Mu-Meter  friction 
measuring  tires  would  provide  a  better  test  to  accomplish  the 
objectives  of  the  program.  A  number  of  other  studies,  including 
data  developed  by  the  Texas  Transportation  Institute,  ICAO 
recommendations  and  literature  values  support  this  conclusion. 
Also,  1.0  mm  (0.04  inches)  depth  of  water  better  represents 
conditions  encountered  on  runways  during  rainfall  throughout  the 
contiguous  48  states.  Experience  indicates  that  more  meaningful 
data  were  collected  using  this  water  depth. 
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In  the  Advisory  Circular  modifications  described  below,  the 
Suggested  Schedule  for  Friction  Surveys  is  based  on  Figure  19  - 
Rubber  Removal  Frequency  for  Pavement  Types.  All  of  the  scheduled 
turbo-jet  runways  would  be  checked  at  least  annually. 

Approximately  15  runways  would  need  testing  more  than  once  per 
month . 

The  following  modifications  are  suggested  as  a  result  of  the 
engineering  analysis  as  well  as  the  extensive  experience 
accumulated  during  this  program. 

l.a.  Replace  existing  paragraph  with  the  following: 

"Texturing  Techniques  for  Asphaltic  Concrete  Pavements. 
Surface  textures  of  newly  constructed  asphaltic  concrete  pavements 
are  generally  quite  smooth.  This  is  due  to  the  effort  required 
during  construction  by  the  rolling  equipment  to  achieve  the 
required  compaction  and  density.  However,  several  methods  are 
available  to  improve  texture  and  surface  friction  in  asphaltic 
concrete  pavements.  These  include  saw-cut  grooves,  porous 
friction  course,  chip  seals  and  skid-resistant  aggregate  slurry 
seals." 

l.b.(l)  Add  to  end  of  existing  paragraph: 

"Efforts  should  be  made  to  improve  the  texture  of  plastic 
grooved  concrete  pavements  in  the  areas  between  the  grooves." 

i.c.(l)  Change  second  sentence: 

"Experience  has  shown  that  uncontaminated  concrete  pavements 
that  have  an  average  texture  depth  of  0.015  inches  provide  good 
surface  friction." 

3.c.  Change  "200  yards"  to  "500  feet." 

Figure  2-1:  A  new  photo  with  an  updated  self-watering  system 
should  be  used  to  avoid  confusing  new  users  of  the  equipment. 

3.c.(l)  Replace  the  first  sentence  with  the  following: 

"Frequent  checks  of  the  Mu-Meter's  functions  and  calibration 
should  be  made  by  performing  test  runs  with  self-watering  equipmen 
at  a  constant  speed  of  40  mph  over  clean,  untrafficked  pavement." 

3.c.(4)  Replace  the  fourth  sentence  with  the  following: 

"The  total  flow  rate  of  88  gallons/minute  (44  gallons/ 
minute  on  each  side)  is  required  to  obtain  a  water  depth  of  0.04 
inches  for  a  tow  vehicle  speed  of  40  mph." 

3.c.(4)a.  Replace  the  second  sentence  with  the  following: 

"For  consistent  measurement  of  wet  runway  pavement  surfaces, 
it  is  suggested  that  the  airport  sponsor  use  self-watering 
equ  ipment . " 
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3. c.(4)b.  Replace  second  and  third  sentences  with  the  following: 

"It  takes  150  gallons  of  water  to  test  6000  feet  of  runway 
pavement.  The  weight  of  150  gallons  of  water  is  1250  pounds." 

4.  Replace  the  existing  paragraph  with  the  following: 


"MEASUREMENT  PARAMETERS.  Conditions  which  influence  surface 
friction  characteristics  of  wet  pavement  surfaces  are  pavement 
texture,  contaminants  (especially  rubber  accumulation)  and 
pavement  abnormalities.  The  airport  sponsor  should  evaluate  each 
of  these  conditions  by  the  following  parameters." 


4  .  a . 
4.a. (1) 
4  .  a  .  (  2  ) 

4  .  b . 


Delete  paragraph. 

Delete  paragraph. 

Delete  paragraph. 

Replace  the  existing  paragraph  with  the  following: 


"Contaminants .  Surface  friction  characteristics  of  runway 
pavements  may  be  significantly  affected  by  contaminant 
accumulation  over  a  period  of  time.  One  of  the  main  problems 
facing  the  airport  sponsor  concerning  the  condition  of  runway 
pavement  surfaces  is  rubber  accumulation .  Suggested  methods  for 
cleaning  are  given  in  Chapter  4.  Other  corrective  action  given  in 
Chapter  3  may  be  considered  to  improve  the  friction 
characteristics  of  a  contaminated  runway  pavement  surface.  The 
following  parameter  is  given  to  assist  the  airport  sponsor  in 
making  the  decision  on  when  it  is  necessary  to  remove  contaminants 
from  the  runway  pavement  surface." 


4 . b . ( 1 )  Replace  existing  paragraph  with  the  following: 


"When  the  AVERAGED  MU  VALUE  within  the  contaminated  area  is 
less  than  50  for  a  distance  of  500  feet  or  more,  corrective  action 
should  be  performed  on  the  entire  contaminated  area." 


4.b.(2)  Delete  paragraph. 

4  . b . ( 3 )  Delete  paragraph. 

4.c.  Delete  paragraph.  It  is  recommended  that  an  alternate 

paragraph  be  developed. 

4.c.(l)  Delete  paragraph. 

4.d.  Change  section  to  4.c. 

4.d.  Replace  the  third  sentence  with  the  following: 


"For  this  reason  the  surface  friction  should  be  determined 
under  actual  rainfall  conditions  through  the  surface  areas  subject 
to  ponding." 
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4 . d . ( 1 )  Replace  first  sentence  with  the  following: 


"When  the  AVERAGED  MU  VALUE  within  a  ponded  area  is  less  than 
0.50,  corrective  action  should  be  taken." 

4.e.  Change  paragraph  to  4. a. 

4. e.  Replace  paragraph  as  follows: 

"Surface  Treatment.  A  basic  determinant  of  surface  friction 
is  the  texture  depth  of  a  runway  pavement  surface.  An  increase  in 
texture  depth  will  produce  a  corresponding  increase  in  surface 
friction.  Suggested  methods  for  improving  texture  are  given  in 
Chapter  3  and  include  saw-cut  grooving,  porous  friction  course, 
chip  seals,  and  aggregate  seal  coats  and  plastic  texturing  of 
concrete  pavements.  The  following  parameter  is  given  to  assist 
the  airport  sponsor  in  determining  when  corrective  action  is  necessa 

(1)  When  the  AVERAGED  MU  VALUE  of  the  pavement  is  less  than 
50,  for  a  distance  of  500  feet  or  more,  corrective  action  should 
be  performed  on  the  runway  pavement  surface." 

5.  a.  Replace  "limits  of  rubber  deposits"  with  "limits  and  degree 
of  rubber  accumulation." 

5.a.(l)  Add  the  following  paragraph: 

"The  extent  and  degree  of  rubber  accumulation  should  be 
determined  in  areas  of  rubber  contamination.  The  degree  of  rubber 
accumulation  should  be  rated  from  zero  (essentially  no  rubber 
accumulation)  to  nine  (essentially  complete  obliteration  of 
pavement  texture  by  rubber) .  Experience  has  shown  that  visual 
observations  alone  are  insufficient  for  making  an  accurate 
determination  of  rubber  accumulation,  and  the  pavement  surface 
must  actually  be  felt." 

5.b.  Replace  existing  paragraph  with  the  following: 

"Self-watering  devices  used  with  Mu-Meters  require  300 
gallons  (2500  pounds)  of  water  to  cover  approximately  12,000  feet 
of  runway.  Water  is  carried  in  the  tow  vehicle  in  either  flexible 
or  rigid  tanks." 

5.c.  Replace  the  second  and  third  sentence  with  the  following: 

"A  300-gallon  system  will  usually  allow  testing  of  a  13,000- 
foot  runway  because  500  feet  is  allowed  for  acceleration  and 
deceleration  of  the  tow  vehicle.  Tests  in  both  directions  can  be 
performed  on  a  7,000-foot  runway  with  a  300-gallon  water  tank." 

5.d.(l)  Change  "10  feet  from"  to  "10  feet  to  the  right  of." 

Add  to  existing  paragraph: 

"Additional  test  runs  in  rubber  areas  can  be  performed  at 
different  distances  from  the  centerline  to  determine  the  transverse 
extent  of  low  surface  friction  due  to  rubber." 
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5.d.(2)  Delete  paragraph. 

5.d.(3)  Replace  first  sentence  with  the  following: 


"These  test  runs  are  used  to  determine  the  surface  friction  of 
runway  pavements." 

5  .  d .  (  4 )  Change  to  5.d.(2). 

Delete  last  sentence. 

5 . d .  (  5 )  Change  to  5.d.(4). 

Change  the  third  sentence  from  "relative  loss  of 
friction"  to  "friction  characteristics". 

Change  "4d(l)  "  to  "4c(l) ." 

5. d.(6)  Change  to  5.d.(5). 

Change  "4c(l)"  to  "4b." 

6. -6.d.(3)  Replace  entire  existing  section  with  the  following: 

"Data  Acquisition.  The  strip  chart  provides  a  permanent 
record  of  the  Mu  values  on  a  particular  runway  surface. 
Identification  of  significant  field  observations  affecting  the  Mu 
values  should  be  made  directly  on  the  strip  chart.  The  strip 
chart  obtained  in  subsequent  surveys  can  then  be  compared  by  the 
airport  sponsor  with  previous  test  runs.  The  airport  sponsor 
should  emphasize  to  the  test  personnel  the  importance  of 
conducting  the  survey  at  the  same  location  as  previous  test  runs, 
so  proper  comparisons  can  be  made. 

a.  Pertinent  Test  Information.  At  the  beginning  of  each  test  run 
the  strip  chart  should  be  identified  with  the  following 
information: 

(1)  Airport  Designator  or  Name 

(2)  Runway  Designation  (end  from  which  test  began) 

( 3 )  Survey  Date 

(4)  Survey  Time  (in  24  hours) 

(5)  Survey  Test  Personnel 

(6)  Water  Temperature 

(7)  Pavement  Temperature 

(8)  Type  of  Test  (calibration,  dry,  wet) 

b.  Interpretation  of  Data.  Parameters  for  interpretation  of  data 
are  provided  in  paragraph  4." 

9.b.  Change  the  second  sentence  to  the  following: 

"Water  drainage  and  skid  resistance  for  asphaltic  concrete 
pavements  can  be  improved  by  addition  of  saw-cut  grooves,  a 
porous  friction  course,  addition  of  a  chip  seal  or  by  addition  of 
a  skid  resistant  aggregate  slurry  seal  as  an  interim  measure. 

Delete  the  third  sentence. 

9 . b . { 3 )  Change  to  9.b.(4). 
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Add  the  following  section: 

"9.b.(3)  Chip  Seal.  Improvement  of  surface  friction  can  be 
achieved  by  constructing  a  chip  seal.  Some  chip  seals  have  been 
constructed  with  an  asphalt  rubber  mix." 

Specific  FAA  specifications  on  chip  seal  should  be  added 
concerning  asphalt  mix,  size  and  composition  of  aggregate  and 
preparation  and  construction  methods  to  be  used. 

13.  Replace  existing  paragraph  with  the  following: 


"Suggested  Maintenance  Schedule.  For  any  maintenance  program 
to  succeed,  runways  should  be  inspected  frequently.  Observations 
noted  during  visual  inspections  of  pavement  surfaces  will  help 
determine  if  a  friction  survey  is  required.  Runways  which  have  Mu 
values  less  than  0.50  on  a  previous  test  should  be  tested  more 
frequently  than  suggested  below.  Table  5-1  suggests  a  schedule 
for  friction  surveys  based  on  the  annual  landing  weight  of  the 
most  heavily  used  runway.  The  annual  landing  weight  may  be  found 
by  first  finding  the  total  number  of  annual  landings  of  each  type 
of  aircraft  landing  at  an  airport.  The  annual  landings  of  each 
type  of  aircraft  should  then  be  multiplied  by  the  corresponding 
maximum  landing  weight  as  given  in  AC  150/5325-5B.  The  sum  of 
these  values  will  produce  the  annual  landing  weight  at  the 
airport.  The  annual  landing  weight  should  then  be  multiplied  by 
the  percentage  of  landings  on  the  most  heavily  used  runway  end. 

The  resulting  runway  end  annual  landing  weight  should  be  used  in 
Table  5-1.  It  is  suggested  that  the  airport  sponsor  test  all 
runways  at  the  airport  each  time  a  survey  is  oerformed." 


TABLE  5-1.  Replace  existing  table  with  the  following: 

SUGGESTED  SCHEDULE  FOR  FRICTION  SURVEYS 


Frequency  of  Friction  Surveys 


Runway  End 

Annual  Landing  Weight 
(million  pounds/year) 

Ungrooved 

Pavements 

Porous  Friction  Course 
Saw-Cut  Grooved 

Wire  Tined 

Less  than  1000 

Annual 

Annual 

1000-2000 

6  months 

Annua  1 

2000-4000 

3  months 

Annual 

4000-8000 

1  month 

6  months 

8000  and  above 

Monthly  or 
more  often 
as  required 

6  months 
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3. 


CONCLUSIONS 


3.1  PRIMARY  CONCLUSIONS 

1.  Rubber  accumulation  on  runway  pavements  profoundly 
affects  surface  friction.  These  effects  have  been  quantified  for 
various  pavement  types  and  range  from  1.6  to  6.9  wet  Mu  value 
decrease  per  unit  increase  in  rubber  accumulation  rating. 

2.  Rubber  removal  improves  runway  surface  friction 
characteristics. 

3.  Saw-cut  grooving  improves  drainage  and  reduces 
hydroplaning  potential  in  addition  to  improving  runway  surface 
friction.  The  friction  enhancement  due  to  grooving  is  greater  in 
areas  of  rubber  accumulation  than  in  uncontaminated  areas. 

4.  For  low-use  runways,  a  reasonable  basis  for  comparing  and 
ranking  the  surface  friction  characteristics  of  various  pavement 
types  is  provided  by  mean  wet  Mu  value;  for  uncontaminated  areas. 
(See  Table  4  and  Figure  9.) 

5.  For  high-use  runways,  guidelines  have  been  developed  for 
rubber  removal  frequency  dependent  on  pavement  type  and  annual 
landings.  (See  Figure  19.)  These  guidelines  can  be  used  in 
projecting  and  comparing  annual  costs  of  runway  construction, 
resurfacing  or  pavement  treatment  alternatives,  as  well  as  ir. 
guiding  maintenance  of  existing  runways. 

6.  The  Airport  Survey  Reports  produced  for  eacn  of  the  26b 
airports  after  each  testing  provided  timely  input  for  airport 
maintenance  purposes. 

7.  The  purpose  and  objectives  of  the  National  Runway 
Friction  Measurement  Program  were  achieved.  Mu-Meter  measurements 
and  Pavement  Condition  Survey  data  obtained  in  this  program  have 
yielded  a  rational  and  useful  analysis  of  runway  friction. 

8.  The  Mu-Meter  is  a  rapid  and  effective  device  for 
measuring  surface  friction  when  operated  in  accordance  with  the 
manufacturer's  instructions. 

9.  A  Mu  value  of  50  or  greater  has  long  been  generally 
accepted  as  providing  adequate  runway  friction  under  most 
operating  conditions.  This  program  did  not  disclose  data  tc 
support  any  other  value.  It  must  be  understood  that  as  frictior. 
decreases  the  relative  safety  decreases,  but  it  is  gradual  and 
time-related,  that  is,  when  the  Mu  value  decreases  from  50  to  4° 
the  pavement  does  not  go  from  totally  adequate  to  totally  inadequate 
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3.2  CONCLUSIONS  REGARDING  PAVEMENT  CHARACTERISTICS 


10.  The  ranking  of  pavement  types  on  the  basis  of  mean 
texture  depth  closely  follows  the  surface  friction  ranking. 
However,  measurements  of  friction  rather  than  texture  are  a 
preferable  basis  for  planning  routine  runway  nmintenance. 

11.  Texture  depth  and  rate  of  change  in  texture  depth 
increases  with  pavement  age.  The  increase  rate  varies  from  less 
than  0.4  thousandths  of  an  inch  per  year  during  the  first  year  to 
more  than  four  thousandths  of  an  inch  per  year  after  10  years  for 
asphalt  pavements,  and  apparently  somewhat  lower  for  concrete. 

3.3  CONCLUSIONS  REGARDING  PAVEMENT  GROOVING 

12.  The  benefits  of  improved  drainage  and  enhancement  of 
friction  due  to  grooving  are  greater  for  narrower  groove  spacing. 
A  one-inch  difference  in  spacing  causes  approximately  a  five  Mu 
value  difference  in  surface  friction  over  the  range  from  lla  to 

3  inches  encountered  in  the  program. 

..  J .  Groove  deterioration  produces  ->  small  effect  or.  surface 
f  r  i.:v  Lon  . 


.4.  The  rate  of  rubber  accumu !  at  ion  '-n  grooved  runways 
less  ‘han  on  mqrooved  runways  with  "o*  same  ’ eve i  of  u'uge. 

3.4  CONCLUSIONS  REGARDING  RUBBER  ACCUMULATION  AND  REMOVAL 


15.  Rubber  removal  reduces  the  maximum  500-foot,  runwav 
seament  rubber  ratine  to  approximately  2-2.5,  corresponding!  to' 
20-_c  oe  :  cent  texture  >'bliteror  ion  •  r  filling  with  rubber. 


16.  Rubber  accumulation  can  be  related  to  aircraft  landings 
expressed  as  the  summation  of  *-otal  landing  weight  on  the  runway  end . 


17.  For  lew-use  runways,  rubber  accumulation  is  dependent  on 
annual  aircraft  landings  (i.e.,  usage  rate)  and  pavement  type 
according  to  the  scheme: 

_ Annual  Landings _  _ Rubber  Accumulation 


Below  250  million  Ib/yr 


Essentially  zero  for  all  pavement 
t  voes 


From  250  to  1,000 
million  Ib/yr 


Very  low  for  all  pavement  types 


From  1,000  to  5,000 
million  Lh/vr 


Linearly  dependent  on  annual 
landings,  with  different  slopes  for 
different  pavements 


18.  '-'or  high-use  runways  'Laving  rubber  removal),  rubber 

accumulation  is  linear  y  dependent  on  cumulative  aircraft  landings 
since  rubber  removal  (i.e.,  cun  dative  usage),  with  different 
slopes  for  ii f f°rent  pavements. 
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19.  Field  observation  indicates  that  it  is  difficult  to 
remove  rubber  from  the  porous  friction  course  pavements. 

3.5  OTHER  CONCLUSIONS 

20.  Wet  Mu  values  can  be  corrected  for  calibration  and 
adjusted  to  the  reference  temperature  20"C.  (See  Equation  4.) 

21.  Personnel  can  be  adequately  trained  to  operate  and 
maintain  the  Mu-Meter  to  provide  friction  data  for  engineering  and 
maintenance  purposes  provided  they  operate  the  equipment 
regularlv. 

22.  The  program  has  successfully  demonstrated  that  personnel 
can  be  trained  to  observe  rubber  accumulation  and  other  runway 
conditions  on  consistent  and  correlatable  scales. 

23.  The  large  data  base  resulting  from  this  program  can, 
ith  relatively  small  additional  data  collection,  be  used  to 
etermine  long-term  maintenance  and  pavement  requirements 

nat ionally . 

24.  Future  analysis  of  the  stereo  photos  could  provide 
significant  findings  on  the  character si  tics  of  aggregate 
microtexture  and  other  factors  which  produce  desirable  friction. 


4.  RECOMMENDATIONS 


The  National  Runway  Friction  Measurement  Program  has  resulted 
in  the  following  recommendations: 

1.  Pavement  types  having  high  surface  friction,  as  identified 
in  Figure  9,  should  be  considered  in  the  planning  and  design  of 
new  runway  surfaces,  particularly  for  low-use  runways. 

2.  The  guidelines  for  rubber  removal  frequency,  as  contained 
in  Figure  19,  should  be  used  in  planning  and  design  of  new  runway 
surfaces  and  as  a  maintenance  guideline,  for  high-use  runways. 
Specific  scheduling  of  rubber  removal  for  an  existing  runway 
should  ultimately  be  based  on  direct  observation  of  rubber 
accumulation  and  measurement  of  surface  friction. 

3.  The  rating  system  used  in  this  program  for  rubber 
accumulation  should  be  formalized  and  promulgated  for  use  by 
airport  maintenance  personnel. 

Porous  friction  course,  saw-cut  grooving  or  other  surface 
treatments  should  be  considered  for  existing  runway  pavements  with 
low  surface  friction. 

5.  The  standard  groove  spacing  > inches)  should  continue 
to  be  used. 

6.  The  large  data  base  from  this  program  should  he  used  to 
determine  long-term  runway  maintenance  and  pavement  requirements 
on  i  nar. ;  ona  1  has  i  s  . 

7.  Programs  should  be  designed  and  implemented  to  define 
relationships  of  runway  friction  to  environmental  factors  (e.g., 
actual  rainfall  conditions)  and  aircraft  performance. 

8.  Advisory  Circular  150/5320-12  should  be  updated  with 
modifications  outlined  in  Section  2.7. 

9.  Studies  should  be  performed  to  evaluate  rubber 
accumulation  data  and  rubber  removal  effectiveness  on  porous 
friction  course  pavements. 


APPENDIX  A 

National  Runway  Friction  Measurement  Program 
Survey  Dates 


Central  Region  A-l 

Eastern  Region  A-l 

Great  Lakes  Region  A- 2 

New  England  Region  A- 4 

Northwest  Region  A- 4 

Rocky  Mountain  Region  A- 5 

Southern  Region  A- 6 

Southwest  Region  A- 8 

Western  Region  A- 9 
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•’  I  r  .  •  urrv  sea  1  -  '  pavement  with  a  thin  layer  ■-  '  asphu't  ana 

.  ?.j  regate  art;  L  i  ■  -  'ver  ;n  existing  asphalt  oavement  . 

r  'It,  now  -  -  pavement  wh  i  err  is  tvoica  lly  dark  in  appearance  ynerfj 
>e  ngureuate  is  roveree  hv  asphalt, 

»  i  t  .  m  i  or  ••'texture  -  A  ravement  which  d  isolays  a  -,r  i  r.  texture 
•and  matrix  is  j  ntact  it  me  surface  ■ 

i.  •.<<:'!  text  a  re  -  pavement  La  whion  the  asphalt  we.  r- 

•  wn  the  sur'ace  exposing  tne  sand  matrix  and  the 

so  aggregate . 

it,  macrotexture  -  A  pavement  in  which  the  predominant 
•"ir'iVP  is  coarse  aggregate  and  the  sand  matrix  is  worn  away. 

Asphalt,  worn  -  A  pavement  which  has  protruding  coarse  aggregate 
and  the  asphalt  and  the  sand  matrix  are  worn  away. 

Asphalt,  porous  friction  course  -  A  pavement  with  an  open 

graded  surface  of  coarse  aggregate. 

Asphalt,  chip  seal  -  A  pavement  with  aggregate  chips  applied  onto 
an  asphalt  seal. 

Asphalt,  rubberized  chip  seal  -  A  pavement  in  which  a  chip  seal 
is  held  to  the  subsurface  by  a  rubberized  material. 

Cleaned  Runway  -  A  runway  approach  end  from  which  rubber  has  been 
removed . 

Concrete,  microtexture  -  A  pavement  in  which  the  surface  is 
predominantly  a  sand  matrix. 

Concrete,  macrotexture  -  A  pavement  in  which  the  surface  is 

predominantly  coarse  aggregate,  typically  due  to  wearing 
away  of  the  sand  matrix. 

Concrete,  burlap  dragged  -  A  pavement  which  displays  a  surface 
characteristic  resulting  from  the  dragging  of  burlap  or 
similar  material  on  concrete  surface  while  still  plastic. 

Concrete,  broomed  or  brushed  -  A  pavement  which  displays  a 

surface  characteristic  of  finely  spaced  markings  resulting 
from  brushing  the  concrete  while  still  plastic. 
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Concrete,  wire  combed  -  A  pavement  which  displays  a  surface 

character  ist  ic  of  transverse  indentations  spaced  1/4- i  net  or 
less,  resultinq  from  rigid  combing  oi  the  concrete  while 
still  plast  ic. 

concrete,  wire-tined  -  A  pavement  which  displays  a  surface 

characteristic  of  transverse  indentations  spaced  one-fourtn 
inch  or  more  resulting  from  flexible  rakinq  of  the  concrete 
while  still  plastic. 

Concrete,  float  grooved  -  A  pavement-  which  ha:  regularly  spaced 

transverse  grooves  formed  in  the  concrete  while  still  plastic 

Concrete,  worn  -  A  pavement  which  has  protruding  coarse  aggregat. 
and  the  surface  may  have  begun  to  abraid. 

Contaminant  -  Any  foreign  substance  present  the  pamim-tv  ..  .v: 

Correlation  Coefficient  -  A  statistic  which  summarizes  tin- 

relationship  between  two  variables,  a  value  of  -  i  ot  -i 
indicates  a  perfect  linear  relationship,  while  a  value 
near  0  indicates  a  poor  relationship. 

Groove  Deterioration  -  The  degree  of  ineffectiveness  of  the  groove 
for  channeling  water  rated  on  an  integer  scale  of  0  to  9 ,  0 
representing  full  effectiveness  and  9  indicating  total 
ineffectiveness  due  to  being  filled,  miss  inn  or  poorly 
constructed . 

Groove  Spacing  -  The  center  to  center  distance  pet  woe  r.  tw  groove 

Joint  Distress  -  The  degree  to  which  the  mints  betw-'-n  si 

are  open,  rated  on  an  integer  scale  t  rom  0  to  9,  n  mores- -nt  i 
no  joint  distress,  9  indicates  joints  are  oner,  mot  •  '.-.an 

inch ,  with  pieces  of  pavement  broken  away. 

Multiple  Regression  -  A  statistical  technique  used  to  an  t !  y/<  r.v 
relationship  between  a  dependent  variable  and  one  or  ;n. -m 
predictor  variables. 

Mu  Value  -  The  value  recorded  on  the  Mu-Meter  char  t  represent.  i  o  ; 
the  friction  force  developed  by  operatincj  tlx-  Mu-Mete:  at 
40  mph  with  0.04  inches  of  water  applied  immediately  i:. 
front  of  the  measuring  tires. 

Rubber  Accumulation  -  The  degree  of  rubber  aecumul at  ion  on  th< 
pavement  surface  rated  on  an  integer  seals  t rom  0  to  ‘t , 

0  representing  less  than  10  percent  of  the  [lavement  surface 
obliterated,  9  representing  90  percent  or  more  of  the 
surface  texture  obliterated. 
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Saw-Cut  Grooves  -  Transverse  grooves  cut  into  a  cured  asphalt 
concrete  surface. 


•'.i  lari  I  Krror  -  A  statistic  which  uient  i  !  i  *  ■  *3  the  s’  amiar-: 

!i'v  :  at  tort  of  a  -  vo  i  ca  i  neusuntm-nt  !  rom  tie-  mean  /al  .<• 
i  .1  roup  of  mean  s  .-mt-nts. 

ii  "urai  Distress  -  The  degree  ot  cracking  or  nreuKup  of  the 
pavement  surface  rated  on  an  integer  scale  from  C  to  9, 

'  representing  no  structural  deterioration,  9  representing 
alligator  pieces  cnucking  out  for  asphalt  pavements  and  block 
.'racking  or  spalling  for  concrete  pavements. 


;  ..w i  •  detailed  oef  ini t ions  and  examples,  refer  to  "Phase 
vt.ii-  s  Manual  for  the  National  Runway  Friction  Measurement. 
.A.  iiickok  and  Associates,  Apr'  i  1979. 
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APPENDIX 


-  SAMPLE  AIRPORT  •-  SPORT 
AIRPORT  SURVEY  REPORT 
AIRPORT  NAME  (DES) 


01 TY ,  ST 


*  .YI’RObcCTIGN 

-deletion  raeasurwiuencs  were  made  at  the  Airport  Name  Airport  on 
January  11-12,  1980  as  part  or  the  National  Runway  Friction 

Measurement  Program.  This  survey  resort  describes  the  program 
and  the  results  ol  the  measurements  taken  on  Runways  1 1-20  and 
J-2b. 


AIRPORT  _SU R V E Y  _OOC_I J ; INATION 

An  airport  contact  meeting  was  held  on  January  11,  i980,  with 
the  : allowing  persons  in  attendance: 

Mr.  .lames  A.  Smith,  Airport  Manager 

Ms.  Mary  McBride,  E . A.  Pickok  and  Associates 

Mr.  Brian  Pluemer,  S.A.  Hickok  and  Associates 


- '  aVEY  ? Ri.R .. EiT Kno 

.re.iints  wet  e  pet  termed  with  a  Mu-Meter  tewe : 
>  jy  10  h.-et  to  he  right  of  the  runway 
•j  tree  t  ions ,  under  ooth  dry  .md  wet 
1u  -Me  -er  ivaiuuae?  the  side-force  f  r  ;  ction 
and  pavement  surface,  and  it  contains  a 

*  pa vl :n cond it  on  survey  was  performed  to  evaluate  such 
.actor.  a.  >ave:r.:-nt.  .pe,  pavement  texture,  presence  and 
cond  it  o.n  of  qroo,  1  1. 1 ,  mar  k  i  ng  type-  and  condition,  rubber 
dccuna  nr..'  :i ,  ;otitai .  inant  uccumula  tion  ,  loint  condition  and 
struct  •  o  :on>. . *-  ..ons  .  These  character t  st  ics  will  oe 
-•vaijaco.  with  •  .  ii. Lon  measurements  .  7 1  sua  1  observations 

;  c  the  -u  ;•:<  •  ;!•  »•  •;  *e  cond  it  ion  w<*re  made  during  a  low  speed 

oass  v  r  the  and  at  stopping  point:-'  as  required  to  mak 

oca  1  i.saal  inspections.  Spot  tests  were  performed  at  four 
1  .cat.  \  fio  in  eaca  runway,  and  included  texture  measurement 
,  NASA  i  r.M  >e  smea  r  •st),  trans'  e:  >■  slope  measurements  and 
e-re.)  uh<  -tographs  ot  the  texture. 


:  .  .u  :  on  tea-  . 

le.’lt.—  1  _  ..  :1 L  f  .  .,V  '.  . 

:  one;  -  t  i  on..  .  . h  <-  .• 

i  t  w..i  tv r  ing  s  /  : 


:s jussi on 


t  frict  -n 
resented  a: 

able  .imn.o 


■events  ind 
DFS-i  and 
pavement 


DES- 2. 
i.v  -  nd  i  t 


da  f  i  !  r  tLt-  runway 
Tfie  last  port  am  of 
mi  survey. 


Hit -.1  S  ' J  ;  ■  .-Kit  - 1 


:  riot  ion  data  wer>  ■  •  v.a  !  ja  t  ed  na  r.ed  >.•  n, •  -a s  a  :  ■  :i;u>i 
t e *  -  ii  v'.‘i:  i !.  paraqr.u*':  •*  o'  i'hapter.  2 ,  'w.  I  >0  /:>  i2n-  . . 
Me*  triors  t'or  at-  ;>-s  iqn  ,  Cons  t  r  uc  t on  a:u  Mu  i  nten  ano 
iiasistant  Ai  mart  Pavement  Surtaci  s .  The  rccommeude:! 
wt*'.  Mu  value  tor  a  500-loot  t  ncremen at  'unwav  Leant: 


qr eater  that: 

:  '  L '  t  *  4  1 1  <  1  *  <  • 

5  0  i 

ICCO.-.  . J  l  nq 

-..  a.  ;  5  0  '  .  5?c  - . :  . 

V  3  1  U  <J  S  t  3  S 

•J  |  Ji )  L  l!;u  { l*_*  r»  r 

.  i  I 

•;  mu  i  i  :  ,  . 

by  lilt  ati  :  tl.u: 

rnnqe  f ron  0 

t  o  10  0. 

k unway  1 1 -29 

was  surveyed 

on 

January  1 

1.  1980  (see  Taini' 

D!'S-  1  )  .  The 

a veraqe  wet 

Mu 

value  was 

equal  to  ot  qreater 

tii.i;  :>0  !  t 

all  50  <•  - 1  oo  t 

increments  el 

rimwav  lenqti.  . 

kunwav  8-2-> 

was  surveyed 

or. 

January  11 

-  L 2  ,  1  98  J  1  see-  Tali  1  e 

PPS-2  ,  .  Tr.e 

aver  a •  m  wet 

Mu 

vaiue  was 

test  than  50  between 

il 


■200  i  I't'itt  ?  t  ')•>.  the  R  in  wav  t  nroshold.  Siqr,  :i  i  miv 
■  r  ai'uuni'j  1  :i  t  a  on  was  ooservea  in  triis  same  area  . 


Me  .  s  ,i  to. non  v , .  at  the  Airpo.  c  Name  Ai  rpoi  t  cant.  .  ..  itiuo  ry 
’080  indicate  that  the  averaqo  wot  M „  val  jo  w<as  less  than 
5  0  £  or  port  ions  of  Runway  i>-2b  a  no  equal  t  .■  o:  greater 
than  50  t  or  all  500-foot  increment-  of  Run  wav  i  1  -  2  i . 


T  sh.nu  1  ?  ne  noted  that  son1."  o:  the  wet  Mu  /a lues 
.■«ppr  ax  linat.e  the  dry  Mu  values  in  «.  eas  wi.ei.  e  qo  )  a 
t  i  •.>;  characteristics  are  encounter--  > . 


Th  res  It::;  o'  tin  January  1  >.;<•  t  r :  ct :  -on  .  "?v  a  Airport 

•'.a me  Airport  indicate  that  k  nway  8-26  nan  a  -uJO-  f  v.r  soot  io 
:n-ii'W  t.q  •  n.'co;  rn* -me;  i  :  r  i  c  t  i  t.n  value  and  .  iwa  i. .  e  t 
'..lie-  recommen.ier.  :  nctior  va  i.  x.-s  oase-i  or:  o..esj.  s  c  i  •;  r .  .  . 

1  L."  results  o!  or  ev  lour,  t  not  ion  surveys  conducted  ir.  June 
l'C’4  and  Oc  *.  obe :  1979  in  i  :ca  t  od  ti.-  two  runways  i.iet  re  cot- 

mended  t  r  i  ct  i  o'-  val  uc-s  . 

Tt-  , lamia;  o  1 98 U  survey  corn?  ieto.-;  ‘he  scheduled  National 
i!  ur;w:  'i  v  it  ret  ior.  M< -asuremen  t  Front  ar.  to  .no  at.  At  ro  >r  t  No’  • 

A:  rtor'  .  A  ttnai  report  lot  the  qroqra  ;  wi..i  ut  pres-  r  •  •  t 
the  t  il  » .**.  ior  Ad  minin'  r«'  .  •:  ’  I9tV  nd  v .  o- 

/  a  :  i.iiiie  •  nterest  ed  part  ios  m  ea:  ifl'  ...  ”io.  oxo  ies 

■  !•  it-.-*  i‘  .  i1'  rta-  airt-or'  staff  tnrouq;  t  ne  pro:  t:  i  as 

:  ’  •  -.1  t  .  .1 ;  v  '  re  '  .  . 


NATIONAL  RUNWAY  FRICTION  MEASUREMENT  PROG RAF 


tab 

LF  DEL  -  1 

AIhPOR'I  name 

SITE  NUMBER 

:  1. 1  11: 

SURVEY  RESULTS  FOP 

RUNWAY  11 

-29 

DATE  : 

1  -'ll 

o 

00 

LEADER 

:  BRP 

TIME: 

1240 

-  1500 

ASSISTANT:  MEM 

RUNWAY 

LENGTH:  5500  FEET 

PAVEMENT  SURFACE:  (11)  ASPHALT, 

0-  560 

,  WORN 

SU REAL! 

CONCRETE , 

560-  640 

.  BURLAP  DRAGCEE 

ASPHALT, 

640-4010 

,  WORN 

SURFACE 

ASPHALT , 

4010-4650 

,  MIXED-TEXTURE 

ASPHALT , 

4650-5500 

,  WORN 

SURFACE. 

GROOVING  TYPE:  (11) 

C  -  30 G  , 

NON!. 

500-  680, 

SAW-CUT  GROOVES 

680-5500  , 

NONE 

FRICTION 

(MU)  VALLE 

RUNWAY 

11 

RUNWAY  29 

SEGMENT 

(  ft) 

DRY  MU 

WET  ML 

SEGMENT 

(  FT ) 

DRY  ML  WF'i 

0  - 

500 

80 

•7 

*  5300  - 

5001 

8  i_ 

V  ^ 

5  00  - 

1000 

82 

74 

50  00  - 

4500 

80 

7  * 

1000  - 

1500 

82 

81 

4  5  00  - 

4000 

83 

b. 

1500  - 

2000 

83 

81 

4000  - 

3500 

84 

dr 

2  00  0  - 

2  5  00 

cc 

r.> 

8  3 

3500  - 

3000 

84 

L 

2  500  - 

3000 

83 

82 

30  00  - 

2500 

8  3 

"8 

3  000  - 

3500 

8  3 

7  4 

2500  - 

2000 

83 

7  6 

5  500  - 

4000 

81 

7" 

2000  - 

300 

81 

4  0  0  0  - 

4  500 

8 1 

'  )  r. 

1500  - 

:  Ulm 

79 

t 

4  50  0  - 

5000 

81 

"7  ^ 

1000  - 

500 

8  3 

68 

5000  - 

5500 

83 

80 

*  500  - 

0 

~  9 

79 

AVERAGE 

82 

7  7 

AVERAGE 

82 

7- 

NOTE  : 

Mu  1 

measured 

10  ft  right 

of  centerline. 

*  Those  segments  were  not  measured  at  4  0  raph  and  a>-e  not  me  ji 
in  average. 

T  EM  PERA  T  U  RJ^  __D  A  TA 
AIR  TEMPERATURE  "  ( C  )  _  20 

PAVEMENT  TEMPERATURE  (C  29 

WATER  TEMP ERATURE  (C.)  15 


■\ 


TABLE 


DBS 


1  CONTINUED 


RELATED  MEASUREMENTS:  RUNWAY  II 


NASA 

GREASE 

TRANSVERSE 

SMEAR 

GROOVING 

STATION 

OFFSET 

SLOPE 

TEXTURE 

SPACING  WIDTH  DEPTH 

RUBBER 

(  FT) 

(FT) 

(%) 

(IN) 

(MM) 

RATING 

I  160 

10 

0.7 

0.025 

_  _  _ 

0 

17  10 

10 

0.8 

0.042 

- 

0 

1.7  10 

70 

-0.5 

0.042 

- 

0 

4010 

L0 

1.1 

0.021 

- 

0 

PAVEMENT  CONDITION  SURVEY  RESULTS 
RUNWAY  11 


mditions  arc  rated  on  a 
t  cond i t ion ) 

scale  of  0 

to  9  , 

0  representing 

the 

RUBBER  ACCUMULATION 

SEGMENT 

(FT) 

RATING 

0  - 

680 

0 

680  - 

720 

2 

720  - 

5500 

0 

STB U CTU RA L  D I  ST RES S 

SEGMENT 

(FT) 

RATING 

0  - 

230 

0 

2  30  - 

320 

3 

820  - 

960 

6 

960  - 

2740 

3 

2740  - 

2800 

1 

2  300  - 

5500 

3 

JOINT  DISTRESS 

SEGMENT 

(FT) 

RATING 

0  - 

230 

0 

230  - 

2740 

3 

2740  - 

2800 

2800  - 

5500 

3 

GROOVING  CONDITION 

SEGMENT 

(FT) 

TYPE 

RATING 

500  - 

680 

SAW  CUT 

1 

-L 

ONTAM INANT  CONDITION 

SEGMENT 

(FT) 

TYPE 

RATING 

0  - 

5500 

NONE 

0 

NATIONAL  RUNWAY  FRICTION  MEASUREMENT  PROG  KAN. 


TABLE  DES  -  2  AIRPORT  NAME 

SITE  NUMBER:  11 11 i 

SURVEY  RESULTS  FOR  RUNWAY  8-26 

DATE:  1/11-12/80  LEADER:  BRP 

TIME:  2045  -  2110  ASSISTANT:  MFM 

RUNWAY  LENGTH:  8000  FEET 

PAVEMENT  SURFACE:  (8)  CONCRETE.  0-1000,  BROOMED 

CONCRETE,  1000-1800,  M I  CROTF'X  TURF 
CONCRETE,  1800-8000,  BURLAP  DRAGGEL 
GROOVING  TYPE:  (8)  0-8000,  SAW-CUT  GROOVES 


FRICTION  (MU) 

VALUES 

RUNWAY 

8 

RUNWAY 

26 

SEGMENT 

(FT)  DRY 

MU 

WET  MU 

SEGMENT 

(FT)  DRY 

MU 

WET  M; 

*  0 

- 

500 

79 

74 

*  8000 

-  7500 

82 

7  c 

500 

- 

1000 

82 

69 

7500 

-  7000 

8G 

n  i 

1000 

- 

1500 

78 

58 

7000 

-  6500 

->  5 

J  ! 

1500 

- 

2000 

76 

48 

650C 

-  6000 

7  6 

5  ( 

2000 

- 

2500 

79 

61 

6000 

-  5500 

8- 

7  _ 

2500 

- 

3000 

82 

70 

5500 

-  5000 

83 

7  . 

3000 

- 

35C0 

83 

70 

5000 

-  4500 

82 

74 

3  500 

- 

4000 

82 

67 

4  5  00 

-  4000 

82 

7  " 

4  000 

- 

4500 

82 

75 

4000 

-  3500 

8 

** 

4  500 

- 

500n 

82 

77 

3500 

-  3000 

8  3 

5000 

- 

5500 

80 

71 

3000 

-  2500 

82 

7  ■ 

5500 

- 

6000 

80 

68 

25  0C 

-  2000 

81 

h 

6  0  00 

- 

650G 

80 

63 

2000 

L50u 

7  fc 

A  t 

6  5  00 

- 

7000 

76 

62 

1500 

-  1000 

7<j 

6 

7000 

- 

7500 

79 

62 

1000 

50  0 

77 

5e 

*  7500 

- 

8000 

82 

75 

*  500 

0 

" 

7C 

AVERAGE 

80 

66 

AVERAGE 

80 

6" 

NOTE:  Mu  measured  iO  ft  right  of  centerline. 

*Tnese  segments  were  not  measured  at  40  mph  and  are  not  include 
in  average. 


20 

27 

15 


TEMPERATURE  DATA 
AIR  TEMPERATURE  (C) " 
PAVEMENT  TEMPERATURE  (Cl 
WATER  TEMP ER A TURF  fC, 


TABLE  DES 


2  CONTINUED 


RELATED  MEASUREMENTS:  RUNWAY  8 


NASA 

GREASE 


TRANSVERSE 

SMEAR 

GROOVING 

'AT  I  ON 

OFFSET 

SLOPE 

TEXTURE 

SPACING  WIDTH 

DEPTH 

RUBBER 

(  FT) 

(FT) 

(%) 

(IN) 

(MM) 

RATING 

2000 

10 

0.8 

0.004 

37  7 

6 

1 

4000 

10 

1.2 

0.008 

38  7 

5 

0 

4000 

70 

-0.6 

0.018 

38 

7 

0 

6000 

10 

1.1 

0.003 

38  7 

6 

2 

TABLE 

DES  -  2 

CONTINUED 

PAVEMENT  CONDITION  SURVEY  RESULTS 
RUNWAY  8 


Conditions  are  rated  on  a 

scale  of  0 

to  9, 

0  representing 

the  bes' 

cond i t ion ) 

RUBBER  ACCUMULATION 

SEGMENT 

(FT) 

RATING 

0  - 

1040 

0 

1040  - 

1160 

1 

1160  - 

1300 

3 

1300  - 

1760 

2 

1760  - 

2100 

1 

2100  - 

5600 

0 

5600  - 

5940 

1 

5940  - 

6180 

2 

6180  - 

6360 

3 

6360  - 

6600 

4 

6600  - 

7130 

2 

7  130  - 

7300 

1 

7  3  00  - 

8000 

0 

STRUCTURAL  DISTRESS 

SEGMENT 

(FT) 

RATING 

0  - 

1800 

3 

1800  - 

7550 

1 

7550  - 

8000 

3 

JOINT  DISTRESS 

SEGMENT 

(FT) 

RATING 

0  - 

950 

1 

950  - 

1800 

5 

1800  - 

7550 

1 

7550  - 

8000 

5 

GROOVING  CONDITION 

SEGMENT 

(FT) 

TYPE 

RATING 

0  - 

8000 

SAW  CUT 

± 

CONTAMINANT  CONDITION 

SEGMENT 

(  FT) 

TYPE 

RATING 

- 

DO  0 

NONE 

0 

APPENDIX  D 


Uniform  Segments  Data  Characteristics 

Table  of  Contents 

Page 

TABLE  D- 1  Summary  of  MU  Values  for  Uniform  Segments  D- 1 

TABLE  D- 2  Summary  of  Groove  Dimension  for  Uniform  Segments  D-2 

TABLE  D- 3  Summary  of  Rubber  Rating  for  Uniform  Segments  D-3 

TABLE  D-4  Summary  of  Joint  Rating  for  Uniform  Segments  D-4 

TABLE  D-5  Summary  of  Structure  Rating  for  Uniform  Segments  D-5 
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APPENDIX  F. 


Summaries  tor  Tables  .1:1:  !•  1  mu 


Tati  1  <-  o!  Font en :  s 


Pay’ 


rT! 

t  \  yy 

•.or  Table. - 

4,  (■  and  P,  li, 

n,  16 

F-  J 

j  r. 

r-  i  r  v 

tor  Table 

:  and  Figure  1C 

E-  3 

l-  mu  rr-  ]  1  l 


p’UT.nr'v  !  >1  :  lviure 


E-r 


'  oi'  Tun  in 


E-  t 


ind  Fiqure  ! k 


TABLE  K- I 


DATA 

SUMMARY 

EOR  TABLES  4  and 

6  a  n  i  • 

FIGURES 

9,  13, 

15  and  16 

Un i f orm 

500- Foot 

Segments 

Wi 

th  No  Rubber 

With 

Rubber 

Std . 

No .  of 

Correi . 

No .  o: 

Pavesient  TypeF 

Mear 

Dev  . 

Cases 

Coe  f  f . 

Cases 

ASPHALT: 

New 

6 1 . 

13 . 6 

665 

57 

M  i  crote  xtu  re 

6  5 . 8 

9  .  1 

1,695 

-.55 

366 

Mixed  T'  xturo 

63  .  4 

1  . 6 

3 , 7  2  j- 

-  .  6  V 

746 

Macrote xt u re 

74.1 

7 . 5 

1,3  32 

-.60 

191 

w  ■jrr 

74.6 

f  .  " 

1,10’ 

-.56 

i  10 

Porous  Friction  Course 

77.4 

5  .  r. 

2,701 

-.59 

231, 

Chip  Sea: 

7  5.] 

7  .  . 

52  8 

— 

'.  *  }  ■ 

Rubberized  Chip  Seal 

7  3.0 

9.9 

24  2 

-- 

<  87  1 

Slurry  Seal 

70 . 2 

6 . 9 

26  i 

__ 

1 1  b  : 

ASPHALT  w;  I'r! 

SAW-  CUT  GROOVES; 

New 

4.4 

212 

—  S  •' 

4 

M  lcrotexture 

75.0 

6.4 

1,518 

-.42 

4"' 

Mixed  Texture 

7  3 . 7 

6.5 

2,652 

-  .  39 

9  3  4 

Macrotext u re 

73  .  - 

6.9 

49  3 

-.44 

1  i; 

Worn 

71.6 

7.4 

10C 

— 

(21 : 

CONC  RET 1  ■ 

M  lcrotextu  r' 

57  .  y 

8.2 

29 1 

-.7  3 

5^ 

Macrotexture 

66.2 

—  l 

j  •  J 

4  2 

-- 

(  1  ) 

Wor- 

64 . 2 

8  .  r 

i  6  ~ 

-- 

;  l  o  • 

Bur.ap  Draco ea 

57.9 

"  .  2 

1,169 

—  .64 

Broomed  or  Brushed 

6  3 . 3 

jo.-7 

414 

-  .  5  " 

2  2  5 

Wire  Comped 

68.6 

10.6 

3  3“ 

-.41 

1  6  3 

Wire  Tinea 

69.1 

7.6 

608 

-.29 

147 

Float  Grooved 

65.6 

6.2 

415 

-.46 

64 

CONCRETE  WITH 

SAW- CUT  GROOVES: 

Microtexture 

71.1 

7.7 

551 

-.54 

137 

Macrotexture 

69.7 

5.3 

44 

— 

(10) 

Worn 

72.0 

4.3 

162 

-- 

(64) 

Burlap  Dragged 

73.7 

5.8 

1,469 

-.55 

523 

Broomed  or  Brushed 

69.2 

6.0 

315 

-.33 

123 

Wire  Tined 

73.8 

3.9 

105 

— 

(35) 

TOTAL 

23,323 

5,419 

K-  1 


TAB  1  ,K  Iv 


DATA  SCMMARY  ‘-'OR  TABLE  5  and  KfGURE  10 


'.‘obiter  Spots 

with  No  Rubber 

’  Nip  rooved 

Saw-Cut  Grooved 

S  Ld  .  NO.  Of 

S  t  d .  No .  o  f 

yp  * 

cu.'  u  n 

.  *  'ases 

Mean  Dev.  Cases 

i  i  '*  w 

1 

.  .  H 

1  0  7 

I  8  .  3 

6 . 7 

L  4 

,  (  1,  >  t  >  •  Aire 

L  4  . 2 

5  .  0 

;  0  2 

12.7 

r 

1  5  9 

■"  i  .  -1  ’  "A  ;  \  i  U  -.'I.- 

1  9  .  5 

u 

Z  .y  l\  o 

!5 .9 

6 . 4 

2  5  0 

■  :  uo  •  v  e  x  i.  1 1  r<  • 

1 . 7 

i  !  .  4 

.  4  ; 

2  '  .  3 

6 . 4 

7 

,  ;  i  ! ! 

1 5  .  0 

!  5 . 9 

]  o  3 

24  .  7 

9 . 3 

n  o  ■  •' r  i c  t  i  on  J 'on  rue 

4  a . 

■  6  .  6 

54  2 

-- 

— 

i  Ami 

24  7 

9 . 9 

8  3 

-- 

— 

Aiii'i'et'ued  Chip  Seal 

39.9 

26 . 3 

2n 

— 

— 

— 

Slurry  Seal 

19.0 

8 . 7 

60 

— 

-- 

— 

CONCRETE : 

M  icrotex tu  re 

12.4 

4 . 4 

48 

11.0 

1.7 

40 

Macrotexture 

16.5 

4.1 

6 

12 . 0 

4.5 

4 

Worn 

12.8 

2.9 

22 

12 . 8 

4.4 

17 

Burlap  Dragged 

13.9 

6.7 

136 

11.9 

4.2 

122 

Broomed  or  Brusned 

14 . 5 

8.5 

72 

10 . 5 

5.5 

19 

Wire  Combed 

18.0 

6.8 

28 

— 

-- 

-- 

Wire  Tined 

22.2 

13.7 

91 

20 . 9 

9.6 

10 

Float  Grooved 

TOTAL  CASES 

12.5 

6.7 

_ 39 

2,355 

694 

NOTES: 


1.  Table  5  -  uses  all  data. 

2.  Figure  10  -  uses  all  data  in  first  column 
( "ungrooved" ) . 

3.  "Center  spots"  -  located  10  feet  from  runway 
centerline;  other  spot  data  include  "side  spots" 
(near  runway  edge)  and  center  spots  with  rubber. 


K-  1 


TABLE  E-  3 


DATA  SUMMARY  FOR  F I G U  RE  11 


Number  of 


Curve 

Cor rel . 
Coef f . 

Parameter 

Mean 

Standard 

Dev iat ion 

Center  ! 
With  No  : 

ASPHALT 

.  56 

Wet  Mu  Value 

70.9 

9.7 

1,896 

loge  (Texture) 

3.  10 

0.60 

1,896 

CONCRETE 

.  33 

Wet  Mu  Value 

62.4 

10 . 3 

397 

1 oge  (Texture) 

2.64 

0.48 

_ 397 

TOTAL 

CASES 

2,293 

NOTES:  1. 

Texture 

has  units  of 

inches  x 

.001  (e  ,g  .  , 

actual 

0 .0120 

inches  expressed  as  12. 

0)  . 

2.  Asphalt  -  includes  ungrooved  types  as  follows:  new, 
microtexture,  mixed  texture,  macrotexture,  worn, 
porous  friction  course,  chip  seal,  rubberized  chip 
seal,  and  slurry  seal. 

3.  Concrete  -  includes  ungrooved  types  as  follows: 
microtexture,  macrotexture,  worn,  burlap  dragged, 
broomed  or  brushed,  wire  combed,  wire  tined  and  belt 
f inished . 

4.  Friction  ("wet  Mu  value")  data  -  read  directly  from 
Mu-Meter  strip  charts  for  "center  spot"  locations; 
some  missing  friction  data  result  in  smaller  number  of 
cases  here  than  found  by  totaling  individual  pavement 
types  . 


F-  4 


"abij-:  i:-4 


DATA 

SUMMARY  FOR  F 

[CURE  17 

'ut'v  e  .;  o 

ti;  r- 

Pt 

Std  . 

Slope  ol  S 

error  'orrei . 
lope  Coe ft. 

Parameter  Mean 

Std. 
Dev  . 

do.  o 

Cases 

,  .:'1’11AI,T 

.  7  1 

u  .  0  0  0  (1  i  +  ;) . 

0 0  0  0 7  .74 

.We  rape 

'wme  r 

; ! .n  j,  i  ; 

’  _ ,  i  '  •  ( j  ■ : 

.  0 

:  .  9 

1  7  2  8 

!  06 

LtOOVED  o 

.  *.S  PltAL/r 

.  7  o 

V  .  i;  .hi  4  l  +  U  . 

00007  .41 

7  e.-rtKic 

-  • ) » ;•  <\ '  r 

'  •  2 

i  .  4 

i ' 

'  ,.a  rid  i  ngs  1  , 

1  '■  > 

:  ,  a  j 

; .. 

concrete;  o 

.  5  2 

0.0004?  +  0. 

00008  .77 

Average 

Rubber 

1 .  1 

1  ■  / 

26 

\nnua  1 
Landings  1, 

175 

2,738 

26 

TEXTURED  0 
CONCRETE 

.96 

0.00013  +  0. 

00008  .22 

\ v  erag  e 
liber 

1 .  3 

1.5 

50 

Annual 
Landings  2, 

694 

2,540 

5  0 

GROOVED  0 

CONCRETE 

.88 

0.00013  +  0. 

00009  .17 

Average 

Rubber 

1.0 

1.4 

-n  — 

Annua  1 
Landings  1, 

312 

1,869 

“7 

TOTAL  CASES 

44  0 

NOTES:  1. 

Cases  restricted 
landings  greater 

to  uncleaned  runway  ends 
than  250  million  pounds 

with  an n 1 
per  year, 

la  i 

known  pavement  age,  and  ability  to  be  classified  as 
"asphalt",  "ground  asphalt",  etc. 

1.  Average  rubber  -  units  ot  rubber  accumulation  rating 
(0-9  scale)  as  2000-foot  average  for  runway  end. 

3.  Annual  landings  -  millions  of  pounds  per  year  tor 
runway  ad. 

4.  Curves  represent  the  following  pavement  types: 


F/G  1/5 


/  AD-A097  334  HICKOK  (  £  A  )  AND  ASSOCIATES  INC  WAYZATA  MN 
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TABLE  E-5 


DATA  SUMMARY  FOR  TABLE  7  AND  FIGURE  18 


Curve  or 
Pavement  Class 

Correl . 
Coef f . 

Parameter 

Mean 

Standard 

Deviation 

Number 
of  Cases 

ASPHALT 

.35 

Max. 

Rubber 

3.1 

2.4 

33 

Cum. 

Landings 

410 

677 

33 

GROOVED  ASPHALT 

.30 

Max. 

Ru bber 

3.0 

2.0 

76 

Cum. 

Land ings 

1,429 

1,783 

76 

CONCRETE 

.71 

Max. 

Rubber 

2.7 

2.4 

28 

Cum. 

Landings 

811 

1,758 

28 

GROOVED  CONCRETE 

.57 

Max. 

Rubber 

3.3 

2.3 

91 

Cum. 

Landings 

1,741 

2,405 

91 

TOTAL  CASES 

228 

NOTES:  1.  Cases 

restricted  to 

runway  ends  with 

record  of  cleaning 

during  program  or  within  one  year  prior  to  first 
testing  and  with  ability  to  be  classified  as  "asphalt", 
"grooved  asphalt",  etc. 


2.  Maximum  rubber  -  units  of  rubber  accumulation 

(0-9  scale)  as  maximum  observed  500-foot  segment  for 
runway  end. 

3.  Cumulative  landings  -  millions  of  pounds  since  rubber 
cleaning  date  for  runway  end. 

4.  Curves,  or  pavement  classes,  represent  runway  ends 
having  predominant  pavement  type  or  types  in  the 
listed  categories. 
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TABLE  E-6 


DATA  SUMMARY  FOR  FIGURE  19 

PART  A  -  FRICTION  RELATED  TO  RUBBER  ACCUMULATION 

No.  of  Uniform 


Pavement  Type 

Correlation 

Coefficient 

500-Ft  Segments 
With  Rubber 

ASPHALT: 

Microtexture 

-.55 

366 

Mixed  Texture 

-.69 

746 

Macrotexture 

-.60 

191 

Worn 

-.56 

110 

ASPHALT  WITH 

SAW-CUT  GROOVES: 

New 

-.53 

43 

Microtexture 

-.42 

473 

Mixed  Texture 

-.39 

984 

Macrotexture 

-.44 

156 

CONCRETE: 

Microtexture 

-.73 

57 

Burlap  Dragged 

-.64 

331 

Broomed  or  Brushed 

-.57 

225 

Wire  Combed 

-.41 

163 

Wire  Tined 

-.29 

147 

CONCRETE  WITH 

SAW- CUT  GROOVES: 
Microtexture 

-.54 

137 

Burlap  Dragged 

-.55 

523 

Broomed  or  Brushed 

-.33 

123 

TOTAL  CASES 

4,775 

NOTES:  1.  This  represents  subset  of  data  from  Table  6  (excludes 

new  asphalt,  porous  friction  course,  and  float 
grooved  concrete). 

2.  Correlation  coefficient  -  shown  is  simple  correlation 
between  rubber  and  friction  data. 

J.  Figure  19  -  based  on  combined  results  of  Table  6  (see 
above)  and  Table  7  (see  below). 
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TABLE  E-6  (continued) 


PART  B  -  RUBBER  RELATED  TO  CUMULATIVE  LANDINGS 


Pavement  Type 

Correlation 

Coefficient 

No.  of  Uniform 
500-Ft  Segments 
With  Rubber 

ASPHALT 

.35 

33 

GROOVED  ASPHALT 

.30 

76 

CONCRETE 

.71 

28 

GROOVED  CONCRETE 

.5 

91 

TOTAL  CASES  ( Runway  Ends 

228 

NOTES:  4.  This  represents  data  from  Table  7. 

5.  Correlation  coefficient  -  shown  is  simple  correlation 
between  maximum  500-foot  segment  rubber  and  cumulative 
landings  since  rubber  cleaning  date  for  runway  end. 
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Figure 

F—  1 

Slurry  Seal  Coat 

Page 

F-l 

F-2 

New  Asphalt 

F-l 

F-3 

Microtexture  Asphalt 

F-2 

F— 4 

Mixed  Texture  Asphalt 

F-2 

F-5 

Macrotexture  Asphalt 

F-3 

F-6 

Worn  Surface  Asphalt 

F-3 

F-7 

Porous  Friction  Course 

F-4 

F-8 

Chip  Seal 

F-4 

F-9 

Rubberized  Chip  Seal 

F-5 

F- 10 

Microtexture  Concrete 

F-5 

F- 11 

Macrotexture  Concrete 

F-6 

F-12 

Worn  Surface  Concrete 

F-6 

F-13 

Burlap  Dragged  Concrete 

F-7 

F-14 

Broomed  or  Brushed  Concrete 

F-7 

F-15 

Wire  Combed  Concrete 

F-8 

F-16 

Wire  Tined  Concrete 

F-8 

P-17 

Float  Grooved  Concrete 

F-9 

F-18 

Microtexture  Asphalt  with  Saw-Cut  Grooves 

F-9 

F-19 

Burlap  Dragged  Concrete  with  Saw-Cut  Grooves 
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APPENDIX  F  -  PHOTOGRAPHS  OF  PAVEMENT  TYPES 


FIGURE  F-l.  SLURRY  SEAL  COAT 


FIGURE  F-2.  NEW  ASPHALT 
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FIGURE  F-3.  MICROTEXTURE  ASPHALT 
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FIGURE  F-5.  MACROTEXTURE  ASPHALT 


FIGURE  F-6.  WORN  SURFACE  ASPHALT 
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FIGURE  F- 16 .  WIRE  TINED  CONCRETE 
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APPENDIX  G 


SUMMARY  OF  RESULTS  OF  MU-METER  VARIABILITY  STUDY 


TEST  PROCEDURE 

Variability  tests  were  performed  by  the  FAA's  Technical  Center 
using  two  Mu-Meters  run  continuously  through  the  500-foot  concrete 
pavement  section  for  ten  runs  with  self-watering  systems  operating. 
After  completing  ten  runs,  water  tanks  were  refilled  and  the  next 
ten  runs  were  conducted.  The  data  were  obtained  from  the  Mu  graph 
chart.  Mu  averages  were  estimated  for  each  100-foot  segment  of 
the  500-foot  averages  for  $ach  Mu-Meter  were  obtained  by  totaling 
the  Mu  averages  for  each  100-foot  segment  and  dividing  by  five. 


SUMMARY  OF  RESULTS 


ML  361 

ML  364 

ML  365 

ML  366* 

ML  378 

ML  383 

Mean  of  20 
Measurements 

56.62 

54.88 

57.91 

58.89 

56.23 

55.13 

Probable 

Error  from 

Mean  of  All 
Readings 

1.40 

1.47 

1.62 

2.00 

0.93 

1.36 

Probable 

Error  from 
the  Mean  of 

Each  Device 

1.40 

1.02 

1.24 

0.94 

0.92 

1.04 

*Ten  measurements  performed  with  this  equipment. 


CONCLUSIONS 

The  results  of  the  above  analysis  concur  with  the  manufacturer's 
findings  that  the  acceptable  variability  of  the  Mu-Meter  is  within  +  2 
Mu  values. 
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Hydrologic  Study 


Summary  and  Conclusions 
General  Background 
Nomenclature 

First  Approach  -  Texas  Transportation  Institute 
Second  Approach  -  Manning's  Equation 
Reconciling  the  two  Approaches 

TABLE  1.  -  Equivalent  Rainfall  Intensity  for  Wet  Friction 
Measurements 


MEMORANDUM 


BY  : 

DATE : 
SUBJECT: 


John  Erdmann 
February  IS,  1U'?0 

FAA  National  Runway  Friction  Measurement  Program 
Equivalence  of  Rainfall  Intensity  to  Mu-Meter  Water  Depth 


SUMMARY  AND  CONCLUSIONS 


In  the  subject  program,  wet  friction  measurements  with  a  Mu-Meter 
use  a  controlled  water  depth  of  0.04  inches  (or  0.0?  inches  for 
measurements  made  earlier  in  the  program).  The  question  naturally 
arises,  what  is  the  rainfall  intensity  equivalent  to  the 
controlled  water  depth  used  in  the  measurements?  By  investigating 
and  reconciling  two  different  approaches  to  this  question,  as 
subsequently  described,  the  results  presented  in  Table  1  were 
achieved . 

TABLE  1.  -  Equivalent  Rainfall  Intensity  for  Wet  Friction 
Measurements* 


Equivalent  Rainfall  Intensity, 
Inches  Per  Hour 


Average  Texture 
Inches 

Depth 

Water  Depth 

0.02  Inches 

Water  Depth 
0.04  Inches 

0.01 

0.44 

1.40 

WATER  DEPTH 

ABOVE 

ASPERITIES 

1  o;o2  i  - 

— 

— nmnn - 

1 .26 

WATER  DEPTH 

BELOW 

I 

0.03 

ASPERITIES 

0.R7  | 

1.18 

0.04 

0.36  - 

— DUS  — • 

0.05 

0.3  4 

1.09 

0.06 

0.33 

1 .06 

0.07 

0.33 

1.03 

0.08 

0.32 

1.0  1 

0.09 

0.31 

0.99 

0.10 

0.3i 

0.98 

•Assuming  distance  from  centerline  10  feet  and  transverse  slope 
1 . 5  percent . 


Thus  far  in  the  Program,  average  texture  depth  has  been  less  than 
0.05  inches  in  the  great  majority  of  cases. 

The  "Federal  Meteorological  Handbook  No.  1"  (2nd  edition,  January, 

1979)  classifies  rainfall  as  follows: 

Rainfall  Intensity, 

Inches  Per  Hour  Classification 

Trace  -  0.1  Light  rain 

0.1  -  0.3  Moderate  rain 

Greater  than  0.3  Heavy  rain 

Thus,  in  all  cases  shown  in  Table  1,  equivalent  rainfall  intensity 
falls  in  the  "heavy  rain"  category. 

The  remainder  of  this  memorandum  documents  the  results  presented  in 
Table  ’  . 

1ENERAL  BACKGROUNT 

Equivalence  between  rainfall  intensity  and  water  depth  on  pavement  has 
been  investigate!  oy  the  Texas  Transportation  Institute  for  the 
special  case  in  which  water  depth  exactly  equals  average  texture 
tenth.  An  empirical  equation  was  developed  to  relate  equivalent 
rainfall  intensity  to  average  texture  depth,  transverse  slope  and 
distance  from  pavement  crown. 

An  alternative  approach  is  based  on  Manning's  equation  for  flow.  Both 
approaches  were  investigated  and  they  were  found  to  be  similar  in 
theory.  However,  each  approach  has  a  distinct  advantage.  The  first 
approach  Texas  Transportation  Institute)  is  precisely  calibrated  for 
the  question  at.  hand,  but  is  applicable  only  when  texture  depth 
exactly  equals  water  depth.  The  second  approach  'Manning's)  is 
applicable  when  texture  depth  differs  from  water  depth,  but  it 
requires  ta  1  ibr-’*  i  on  of  an  additional  variable  (Manning's  n,  related 
to  pavement  "roughness":  for  the  question  at  hand. 

The  t  w  approaches  were  reconciled  so  as  to  retain  the  advantages  of  ea 
N  .'MEN^LAT'IPE 

R!  -  rainfall  intensity  (in. /hr.); 

T  =  average  texture  depth  (in.); 

1.  =  distance  from  pavement  crown,  i.e.  runway  'Hi'crlin-, 
to  location  of  interest,  (ft.); 

3  =  transverse  slope  (ft. /ft.); 

d  =  depth  of  water  (in.); 

v  =  velocity  of  flow  away  from  pavement  crown  (ft. /sec.);  and 
n  =  Manning's  n  (dimensionless). 


FIRST  APPROACH  -  TEXAS  TRANSPORTATION  INSTITUTE 


Mr.  Morrow  of  the  FAA  communicated  the  following  equation,  developed 
by  the  Texas  Transportation  Institute,  for  the  rainfall  intensity 
required  to  fill  a  given  texture  depth  exactly: 

( T • 89  x  s. 42)  1. 695 

R  I  (d  =  T)  =  1.543  x  102*  x  | - [Tin - j  (1) 

The  notation  RI(d=T)  signifies  that  water  depth  must  equal  texture 
depth  for  this  equation  to  be  applicable. 

For  the  usual  case  where  L=10  feet  from  centerline  and  slope  S=0.015, 
Eq.  1  gives  the  following  results: 


T,  inches 

RI(d=T),  inches/hour 

.02 

.40 

.04 

1.13 

.06 

2.08 

.08 

3.31 

.10 

4.49 

Thus,  for  example,  where  water  depth  and  average  texture  depth  both 
equal  0.04  inches,  the  equivalent  rainfall  intensity  is  1.13  inches 
per  hour. 

SECOND  APPROACH  -  MANNING'S  EQUATION 


A  water  balance  requires  that  the  rainfall  between  the  centerline  and 
a  ooint  at  distance  L  from  the  centerline  must  equal  the  rate  of  flow 
over  the  pavement  surface  away  from  the  centerline,  at  the  distance  L. 
This  implies  the  following  equation  (which  includes  unit  conversions): 


_ R.1— x  .  L  .  =  j-iU  x  v 

12  x  3600  (12) 


(2) 


According  to  Manning's  equation,  the  velocity  away  from  the 
centerline,  v,  is  related  to  the  hydraulic  radius  (equal  in  the  case 
of  a  'v'  channel  to  d/2,<3),  transverse  slope  S,  and  factor  n 
(dependent  on  roughness)  as  follows: 


v 


liiLi  X  s"2  x 


i — 4 — ; 

’12  x  21/2* 


2/3 


(3) 


Substituting  Eq .  3  into  Eq .  2  and  solving  for  RI  yields 

R I  =  812  x  2L-8-5.-3) 

(  L  x  n  ; 


(4) 
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A  reasonable  value  for  Manning's  n  is  .04.  This  assumption,  with  the 
usual  values  L=10  feet  and  S=.015,  results  in  an  estimated  rainfall 
intensity  of  1.16  inches  per  hour  for  a  water  depth  of  0.04  inches. 
Agreement  with  the  estimate  by  Eq.  1  (1.13  inches  per  hour)  is 
achieved  by  increasing  Manning's  n  to  .041. 

RECONCILING  THE  TWO  APPROACHES 

Eq.  4  can  be  calibrated  to  Eq.  1  by  solving  for  the  values  of 
Manning's  n  required  to  make  the  two  equations  agree  in  those  special 
cases  where  texture  depth  equals  water  depth  as  follows: 


d  or  T,  inches 

RI ( d=T) , 

inches/hour  Manning's  n 

.02 

.40 

_,07 

.04 

'.13 

i,  1 

.06 

2.08 

.94., 

OO 

o 

3.21 

.  9  4b 

.  10 

-i .  4  9 

,  148 

3  v  o 
f  o  u  n 

lotting  n  versus  I  on  logarit 
i  to  fit  the  following  re  1  at : 

hni"  paper 

•  r>  • 

,  these-  t  w>  •  variac  .  e 

r, 

=  0 .969 6 

V  X 

4  ^ 

Substituting  this  result 

in  E q  .  4 

*  net.  v i  v *■ 

r  : 

=  ’.166  < 

1  '  O  l 

■'  '  x  < 

,  ->  /  i 

x  d  " 

t.'j  .  ’  6r  4t 

For 

the  usual  '•ase  <itjre 

S  =  .  01c 

an  :  L  =  4 

fjet. 

» I 

:  142. 7  X 

rj  5  /  ^  "'J 

.10R4 

Eq.  n  then  represents  Eq .  4  "oaLibrat^d  to"  Eo. 

The  observation  that  Eq  .  1,  upon  r  i  f  i  cat  .  ri,  nus  *  •  -:■•••-  i 

form  as  Eq .  4  suggests  one  further  re  f inement .  further .  wi *  t 
S : .015  and  L=10  feet,  Eq .  1  becomes 

R I ( d  =  T  )  =  '44.0  x  7  1  .  ■  0  8  6  b  R 

Eq.  7  can  then  be  made  to  agree  more  exact  1  v  with  E;s.  -1  in:  '  tv 
adjusting  the  coefficient  and  the  exponent  of  T  as  foil  w  s : 


RI  =  144.9  x  d^/3  /  7  1. 1cRl 


Eq.  9  might  be  said  to  represent  Eq .  i  "modified  according  to" 
Manning's  equation. 
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Eq .  9  is  the  final  result  of  this  investigation  and  is  the  basis  for 
the  equivalent  rainfall  intensities  in  Table  1.  Note  that  this  result 
specifically  assumes  a  transverse  slope  of  1.5  percent  and  a  distance 
from  runway  centerline  of  10  feet.  These  represent  usual  conditions 
for  the  Mu-Meter  wet  friction  measurements,  thus  equivalent  rainfall 
intensity  can  in  most  cases  be  found  using  either  Eq.  9  or  Table  1. 

The  .04  inches  deposited  in  front  of  the  measuring  wheels  will  just 
fill  the  texture  when  it  has  a  mean  depth  of  .040  inches.  When  the 
same  amount  of  water  is  applied  to  a  runway  with  a  mean  texture  depth 
of  .020  inches,  .02  inches  will  be  above  the  texture  and  will  flow 
more  freely.  The  equivalent  rainfall  rates  required  to  achieve  a  total 
water  depth  of  .04  inches  10  feet  from  the  centerline  of  a  runway  with 
a  transverse  slope  of  1.5  percent  are  1.1  and  1.3  inches  per  hour  for 
mean  textures  of  .040  and  .020  inches,  respectively. 


The  nine  FAA  regional  office  locations  have  statistically  predicted 
rainfall  intensities  that  will  equal  or  exceed  these  rates  for 
different  lengths  of  time.  The  following  table  shows  the  duration,  in 
minutes,  of  storms  with  return  frequencies  of  2  years  and  10  years, 
having  intensities  exceeding  the  Mu-Meter  self-watering  rate  for  each 
location,  for  the  two  textures. 


Return  Frequency  | 

Location 

2  Years 

10 

Years 

1.1  in . /hr . 

1.3  in . /hr . 

1.1  in. /hr. 

1.3  in. /hr. 

Boston 

50 

40 

105 

85 

New  York 

75 

60 

165 

130 

Atlanta 

100 

85 

180 

150 

Chicago 

80 

65 

130 

115 

Kansas  City 

95 

70 

210 

170 

Fort  Worth 

105 

90 

220 

180 

Denver 

30 

23 

75 

60 

Seatt le 

6 

4 

19 

15 

Los  Angeles 

18 

14 

52 

30 
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Report  of  Inventions 


APPENDIX  I 


REPORT  OF  INVENTIONS 


The  work  performed  under  this  contract,  while  leading  to  no 
new  invention,  has  led  to  several  innovative  concepts  on  the  use 
of  Mu-Meter  surface  friction  measurements  for  design  and 
maintenance  of  nonslippery  surfaces  at  United  States  airports. 
This  constitutes  the  first  nationwide  body  of  data  on  runway 
surface  friction  characteristics,  as  well  as  other  surface 
conditions.  The  data  were  used  to  analyze  the  effect  of  pavement 
type  and  texture,  grooves,  rubber  accumulation,  rubber  removal, 
climate  and  traffic  on  surface  friction  characteristics  and 
application  of  those  characteristics  to  maintenance  plans. 


1-1 


BIBLIOGRAPHY 


American  Society  For  Testing  And  Materials,  "Standard  Test  Method 

For  Side  Force  Friction  On  Paved  Surfaces  Using  The  Mu-Meter", 
ANSI/ASTM.E. 670-79  (1979). 

Asphalt  Institute,  "Asphalt  Pavements  for  Airports",  Manual  Series 
No.  11  (MS-11)  (June  1963). 

Beaty,  I.,  "Further  Comparisons  in  the  Measurement  of  Surface 

Texture  Using  the  Grease  Patch  Method";  Cranfield  Institute  of 
Technology,  CIT-FI-80-043  (January  1981)  . 

Beaty,  I.,  "Trials  to  Determine  the  Suitability  of  Mu-Meter  Types 
Manufactured  in  1977  for  RAF  Use,"  Cranfield  Institute  of 
Technology,  CIT-FI-80-044  (August  1980) . 

Beaty,  I.  and  Sugg,  R.W. ,  "Trials  to  Compare  the  Stopping 

Performance  of  Three  Anti  Skid  Systems  And  To  Demonstrate 
Methods  of  Determining  Aircraft  Stop  Distances  on  the  Standard 
Military  Reference  Wet  Surface",  Procurement  Excecutive 
Ministry  of  Defense,  United  Kingdom,  S&T-Memo-3-0-79 .  (Oct. 
1975)  . 

Federal  Aviation  Administration,  "Airport  Pavement  Design  and 
Evaluation",  Advisory  Circular  150/5320-6B  (28  May  1974). 

Federal  Aviation  Administration,  "Methods  For  The  Design, 

Construction  and  Maintenance  of  Skid  Resistant  Airport 
Pavement  Surfaces",  Advisory  Circular  150/5320-12  (30  June 
1975) . 

Federal  Aviation  Administration,  "Measurement  of  Runway  Friction  - 
Airplane/DBV/Mu-Meter  Correlation  Tests,"  Report  No: 
FS-160-65-68-4  (January  1,  1972). 

Federal  Aviation  Administration,  "The  Braking  Performance  of  an 

Aircraft  Tire  on  Grooved  Portland  Cement  Concrete  Surfaces," 
Report  No.  FAA-RD-80-78  (January  1981) . 

Federal  Aviation  Administration,  "Surveys  of  Grooves  in  19 

Bituminous  Runways",  fteport  No.  FAA-RD-79-28  (March  1979). 

Gallaway,  B.M.  and  Rose,  J.G.,  "Highway  Friction  Measurements  With 
Mu-Meter  And  Locked  Wheel  Trailer",  Texas  Transportation 
Institute,  Texas  A&M  University,  College  Station,  Texas, 
Research  Report  Number  138-3  (June  1971) 

Gallaway,  R.M.,  Rose,  Jerry  G.,  and  Schiller,  R.E.,  Jr.,  "The 

Effects  of  Rainfall  Intensity,  Pavement  Cross  Slope,  Surface 
Texture,  and  Drainage  Length  of  Pavement  Water  Depths," 

The  Texas  Transportation  Institute  for  Federal  Highway 
Administration,  Research  Report  138-5,  Study  2-8-69-138  (May 
1971)  . 


Gallawav,  R.M.  ,  Ivey,  D.L.,  Ross,  H.E.,  Jr.,  Ledbetter,  W.B., 

Woods,  D.L.,  Schiller,  R.E.,  Jr.,  "Tentative  Pavement  and 
Geometric  Design  Criteria  for  Minimizing  Hydroplaning,"  Texas 
Transportation  Institute  for  Federal  Highway  Administration 
Report  No.  FHWA-RD-75-11  (February  1975) . 

Hancik,  R.D.,  "New  Skid-Resistant  Surfaces  -  Asphalt  And  Concrete 
Overlap",  46th  American  Association  of  Airport  Executives 
Annual  Conference  and  Business  Meeting,  Fourth  General 
Session,  Section  3.  (June  19,  1973). 

HoSang,  V.A. ,  Field  Survey  And  Analysis  Of  Aircraft  Distribution  On 
Airport  Pavements,  Howard,  Needles,  Tammen  &  Bergendoff  for 
Federal  Aviation  Administration,  Report  No.  FAA-RD-74-36  (Feb. 
1975)  . 

International  Civil  Aviation  Organization  Working  Paper  Addendum 
No.  1  (Revised)  1/19/79. 

M.L.  Aviation  Company  Ltd.,  Mu-Meter  Instruction  &  Servicing 
Manual ,  White  Waltham  Aerodrome,  Maidenhead,  Berkshire, 

England  (Jan.  1975) . 

MacLennan,  J.R.,  Wenck,  N.C.  and  Josephson,  P.D.,  National  Runway 
Friction  Measurement  Program  Phase  II  Procedures  Manual,  E.A. 
Hickok  &  Assoc,  for  Federal  Aviation  Administration. 

MacLennan,  J.R.,  Wenck,  N.C.  and  Josephson,  P.D.,  National  Runway 
Friction  Measurement  Program  Quality  Control  Manual,  E.A. 
Hickok  and  Assoc,  for  Federal  Aviation  Administration. 

MacLennan,  J.R.,  Wenck,  N.C.  and  Josephson,  P.D.,  National  Runway 
Friction  Measurement  Program  Phase  I  Summary  Report,  E.A. 
Hickok  &  Assoc,  for  Federal  Aviation  Administration. 

Morrow,  T.H.,  Mu-Meter  Variability  Study,  FAA  Technical  Center 
(December  1980) . 

Sugg,  R.W. ,  "A  Brief  Review  Of  The  Factors  Affecting  Tyre/Runway 

Friction  Presented  To  The  71st  Meeting  Of  the  Air  Force  Flight 
Safety  Committee  (Europe)",  Procurement  Executive,  Ministry  of 
Defense,  United  Kingdom,  AF/542/03  (7  February  1974). 

Sugg,  R.W. ,  "An  Investigation  Into  Measuring  Runway  Surface  Texture 
By  The  Grease  Patch  and  Outflow  Meter  Methods",  Procurement 
Executive  Minister  of  Defense,  United  Kingdom,  S&T-Memo-2-79 
(Oct.  1979). 

Sugg,  R.W. , "  A  Means  of  Specifying  A  Standard  Reference  Wet  Surface 
For  Military  Aircraft",  Procurement  Executive  Ministry  of 
Defense,  United  Kingdom,  S&T-Memo-l-79  (Oct.  1979). 

Sugg,  R.W. ,  Beaty  I.  and  Nicholls,  R.J.,  "The  Friction 

Classification  of  Runways",  Procurement  Excecutive  Ministry  of 
Defense,  United  Kingdom,  S&T-Memo-6-79  (Dec.  1979). 


GOVERNMENT  PRINTING  i 


5- :  57/  !<’  ■'? 


I'FF]  r  :  1<> 


0-7  J1 


